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Upon the four major topics, the following highlights can be reported. Studies of the
c.cnposite systems are continually mutating into more complex multicomponent systems and

to cover the new requirements an update and extension of the composite nomenclature has
been accomplished.

For the 3:0 type composites, a new modification of the original "Safari" design has

been implemented using a very shallow cavity to modify the stress distribution and enhance

the dhgh product. The expectation is to produce a higher permittivity composite which will

still have an effective dhg h product. Analysis has continued defining the measurement of

the complex coefficients for polymer ceramic composites, and the Banno 
simple cubes model

has been extended to include cubes with complex coefficients. Following from thermistor

work on associated programs, a new polymer:NTC ceramic 
composite has been devised which

exhibits strong pressure dependence of conductivity 
but much reduced temperature dependence

promising interesting possibility for tactile and for hydrostatic pressure measurement.
Basic studies in the theory of electrostriction are concerned with the many body forces

which are a consequence of the charge transfer model. lo provide experimental backup, the
compressometer has been modified to permit measurement of the temperature dependence of
the electrostriction constants in KMnF3. New attempts are being made using the optical
dilatometer to measure the direct effect and we hope to be able to report convergence of

-. these two techniques next year.
., In practical electrostrictors, the emphasis has been upon relaxor compositions such
'.. as lead zinc niobate:lead titanate and analogues. In the lead magnesium niobate:lead titanat

\e, aging studies under DC bias have given the first clear measurements of the effective defect
0 dipole field.

The thermodynamic phenomenology for the PZT family has now been completed for all phases
from pure PbZr03 to pure PbTi03. Extensive measurements on sol-gel prepared pure composition

,.. have been required to provide data to refine the higher order stiffnesses the electrostrictio
and rotostriction constants and the antiferroelectric polarization coupling constants. The
theory now permits a calculation of the intrinsic single domain dielectric and piezoelectric
properties for any composition at any temperature in the phase field. Data from the theory
has now been used to propose a mechanism for the high piezoelectric anistropy in the PbTiO 3

.-?.. based compositions, based on the anisotropy in the electrostriction constants.
In the associated programs a wide range of preparation techniques has been exploited

to provide the many compositions needed in powder, ceramic and single crystal for studies
reported above.

The report appends 24 published papers, and 15 preprints of papers which have been
submitted for publication.

Faculty on the program made 16 invited presentation at National and International meetin
and the program contributed 32 papers at major meetings. As an example of the attempt being
made to inform Industry, Academe and Government of the importance of electroceramics, the
schedule of seminars presented by R.E. Newnham over the past year is included.
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1. INTRODUCTION

iL% This annual report documents the work carried out in the second year (January 31 1987 -
February 1, 1988) on a three-year extension of ONR Contract N00014-82-K-0339 "Piezoelectric

and Electrostrictive Materials for Transducer Applications." Following already established custom,
the work is documented largely through reprints of papers published by the investigators on the
program. There has been a major turnover of both post-doctoral fellows and graduate students on
the program this year which delayed several of the submissions to journals and for this reason
preprints of the more important papers will be included this year.

To key the rather large assembly of data a brief summary overview is given which
highlights the major progress over the year. For convenience the technical appendices are divided

into four major topic areas presented sequentially.
1) Piezoelectric and Related Composites

2) Electrostriction

0 3) Phenomenology and Properties of Conventional Ceramic Piezoelectrics
4) Associated Programs
The past year as mentioned above has been one of transition with many people leaving the

program and new people taking over. The dynamic trio of T.R. Gururaja, A. Halliyal and A.

Safari have left. Dr. Gururaja to join the biomedical transducer group of Hewlett-Packard, Dr. A.
Halliyal to go to the Electroceramic Laboratory of E.I DuPont and Dr. Ahmad Safari to take up an'upan

Associate Professor position in Ceramics at Rutgers University. These stalwarts have been
replaced by Dr. Shoko Yoshikawa who joined us from Center Engineering, Dr. T.T. Srinivasan

from Baker Chemical and by Professor Q.C. Xu who is able to spend part time helping the group.
k. In the graduate students, Drs. Steve DaVanzo took up a position at Dow Chemical, W. Carlson at

Alfred University, E. Furman at Allied Signal, M.J. Haun at E.I. DuPont and Steve Pilgrim at
Martin Marietta. New students joining the program are Glen Fox, T. Guo and D. Taylor.

* In concert with the changing needs of the program, S. Kumar who joined last year has

been spending all of his time designing and building, with help from Professor Xu, a flow testing

tank.

For a number of years now, ONR has been sponsoring a summer apprentice program in

, MRL in association with this contract. Over time, we have accumulated experience in selected

students through our Upward Bound program at PSU who will benefit most, and 1987 was

probably the most successful year to date in this program. It was pleasing to note one of the early
4 ONR apprentices participating in the Gordon Conference on Ceramics this year as a research

, scientist for his company.
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2. PIEZOELECTRIC AND RELATED COMPOSITES

2.1 Introduction

With the increasing sophistication now occurring in the manipulation of multi component

composites, it has been desirable to make an extension of the initial composite nomenclature,
establishing rules of precedence for active phases and considering possible changes in connectivity

produced by external variables. In the piezoelectric hydrophone materials work on the chemically
co-precipitated powders has shown excellent properties even using just a simple lead titanate
powder with dhgh - 4,000.10- 15 m2/N. For the PbTiO3:BiFeO 3 using conventional preparation

techniques properties are markedly improved by doping to control conductivity. Work has

continued on the fired composites which permit a larger filling factor for the piezoelectric phase and
gives an extended range of properties between conventional 0:3 composites and monolithic PZT.

In a new topic area work has been started on exploring the possible application of piezo
resistive composites for sensing both static and dynamical pressure changes. Such materials could

have considerable interest for application as low K fillers in piezoresistive towed arrays.
Extending work from our dielectric center, where extensive modeling of flawed multilayer

capacitors has been accomplished using fmite element and finite difference methods, these

techniques have now been adapted to model the effects of electric field on cracks in piezoelectric

and electrostrictive ceramics.
2.2 Extension of Composite Nomenclature

* ~A new nomenclature scheme based on the principles of connectivity, property type, tensor

rank size scale and orientation is proposed and families of connectivity patterns for diphasic and

triphasic composites are listed to reflect the new considerations. The concept of a quasi-composite

is introduced in order to clarify relations between constituent phases in the more complex systems,
also modifications to the connectivity due to the influence of external variables are considered.

2.3 0:3 Composites for Hydrophone Applications

2.3.1 Lead Bismuth Titanate Ferrate Compositions

the-"Following up on the original studies by J. Giniewicz which established the advantages of

the PbTiO3:BiFeO 3 materials a more extensive study has now been completed using Mn as a

modifier ion to improve the resistivity. It was evident from the dielectric loss data at low

frequency, that for compositions containing 50 mole% or more of BiFeO3 there is a considerable

improvement in resistivity and consequently on improvement in polarizability of the 0:3 composite.
"" Even for doped samples however, the best results were obtained at the 50% bismuth ferrate

composition.

0..
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2.3.2 Chemically Co-Precipitated Lead Titanate
For pure lead titanate as a filler in the 0:3 composite original studies had used normal mixed

oxide techniques to prepare the powders. In this study co-precipitated powders were generated
from Pb(N0 3)2 and TiC14. After calcining at 9000C the precipitates yielded highly crystalline
powders with a very narrow size distribution. X-ray measurements on poled echo-gel polymer
composites indicate very complete poling at 100 Kv/cm and dhgh values over 4,000 x 10-15 m2/V

have been achieved.

2.3.3 Fired 0:3 Polymer Ceramic Composites
Current work has concentrated upon the transducing capability of the fired 0:3 as a

broadband send/receive transducer, and as an impedance matching layer for PZT based
transducers.

2.3.4 Hijgh... jgh and r Composites

Using a modification of the Safari structure PZT elements which have a very shallow
intercavity have been explored. The effect upon a hydrostatic stress is such that the transverse

component can become effectively tensile so that d33 and d31 contributions exhibit the same sign,
leading to a device structure with high dhgh and high e

Typical values for experimental elements fabricated to this design are:

dh = 150 pc/N

gh = 19 x 10-3 Vm/n
r33 = 810

The elements have a flat frequency response up to about 30 kHz.
2.3.5 Resonance Measuring Technique for the Complex Coefficients

of Ceramic Composites
Two methods have been devised for measuring the complex coefficients of PZT:polymer

composites. The first measures the real coefficient using a lumped circuit equivalent, the second
models the complex coefficients based on an analytical solution for a single mode. Expansion for

conductance and capacitance vs frequency and for Qm are derived.

Experimentally coefficients have been derived for a wide range of 0:3 composites and for
polyvilidene film transducers.

2.3.6 A Complex Impedance Cubes Model for Piezoelectric

The simple cube model developed by Banno of NGK Japan has been extended to include
complex dielectric, piezoelectric and elastic coefficients. The relations derived are useful for
understanding the interrelation between d", e" and s" in the polymer:ceramic composites, given

,.
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the very disparate mechanical properties of the two components. The formulae show quite clearly
that d" is more effected by E" than s" in these systems.

2.3.7 Composite Sensor for Static and Dynamic Pressure

It was clear from earlier work on the composite thermistor that the major effect on the

transport in semiconductor:polymer 0:3 composites at compositions near the critical percolation

threshold arises from the thermal expansion of the polymer attenuating the connectivity of the

conductive filler. Obviously if the same material is subjected to hydrostatic stress, partial phase
connection could be restored and the material used as a stress sensor. Unlike the piezoceramic
however, the transport will be modulated just as effectively by a DC stress field as by an

alternating field.

In the concept being explored, the proposal is to balance the thermal PTC effect of the

composite by using a semic ,aducting filler which will itself have a large NTC effect. Preliminary

data, Fig. 2.3.7.1 and Fig. 2.3.7.2 suggest that the PTC effect can be minimized even at

compositions which show a very strong pressure sensitivity in their resistivity.

3. ELECTROSTRICTION

3.1 Introduction

During the past year the major theoretical effort has focussed upon the effect of many body

forces that arise from interionic charge transfer upon the magnitude and temperature dependence of

the electrostriction and of the third order elastic constants. To provide experimental data for this

work, T.O.E. constants and their temperature dependence were measured last year. This year the

dielectric compressometer was adapted to permit the measurement of the temperature dependence

of the electrostrictive Q constants.
In the practical electrostrictors, a very wide range of our work on relaxor ferroelectrics has

been summarized. The balance of evidence for the model of micro polar regions in the relaxors

was presented and many of the proposed nanostructural features were confirmed in TEM studies

by Barber and co-workers at Essex and by Harmer at Lehigh.

For practical electrostrictor compositions work has continued on grain size effects in lead

magnesium niobate:lead titanate, and on attempts to control the desirable perovskite phase in lead

zinc niobate, and in lead zinc niobate-lead titanate solid solutions both by chemical doping and by

processing methods.

In aging studies, work has been extended to the phenomena associated with aging under

DC bias and have given the first direct quantitative evidence of the effective internal field associated
with the defect ordering.

0_.:
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4j 3.2 Theory of Electrostriction

The objective of this work is to investigate theoretically the magnitude and temperature

variation of the electrostriction coefficients of ionic crystals in order to account for, and ultimately

predict, tendencies in the effects of crystal structure and of the properties of the constituent ions.
During the previous year theoretical work focussed on the effect of many-body forces that

arise from interionic charge transfer. Application to MgO and perovskite oxides and fluorides is in

progress.

Supporting experimental studies of the single crystal third order elastic constants of KMnF3
versus temperature were completed. These data are needed in order to determine the nonlinearity
parameters required as input for the theoretical model for the electrostriction calculations. With

only one exception the temperature dependence is linear, indicating that the effect of the improper
ferroelastic transition at 186K (manifest in elastic anomalies) is no longer present above 300K, and
permitting us to eliminate the effect of zero point and thermal motion by extrapolation to absolute

zero. The static T.O.E. constants thus obtained differ significantly from the R.T. values. Both

static and R.T. values exhibit large deviations from the Cauchy relations, demonstrating the
"_ inadequacy of pair potentials for describing the interionic short range overlap interactions on

' emphasizing the importance of many-body forces for a quantitative understanding of the
electrostriction coefficients and other anharmonic properties.

At room temperature the second pressure derivatives of the elastic constants were also

measured. Analysis of the data on the basis of a model with Coulomb and short range central force
interactions indicates anomalously large fourth derivatives of the Mn-F and F-F pair potentials. A
calculation of the temperature dependence of the elastic Gruneisen parameter is consistent with
models for the acoustic anomaly according to which coupling between strain and order parameter

fluctuations is limited to frequencies less than the relaxation rate of the soft R25 mode.

In order to study theoretically the effect of pretransformation modulated microstructures on

the electrostriction behavior in the vicinity of the transformation temperature we have derived a

. Landau-Ginsburg continuum model for the improper ferroelastic Ohl-D4h18 phase transition in the
perovskite structure compounds ABX 3. By employing group theoretical methods the gradient
coefficients for the 3-component primary order parameter (the rotation angles of the BX 6

octahedra) can be expressed in terms of the soft phonon mode dispersion near the R-point.
* Analytic and numerical kink-type soliton solutions for both the antiphase and the twin boundaries

in the tetragonal phase have been obtained.
The model has been applied to calculate the thickness and energy of both interphase

boundaries versus temperature in SrTiO3.

PIN
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3.3 Low Level Electrostriction

Last year, the dielectric compressometer was adapted to measure small samples and the first

single crystal measurements on KMnF 3 were accomplished. Over the current year an environment

chamber has been added which permits measurements over the temperature range from 20 to

I 50 0C. Data of the change in capacitance as a function of pressure is taken at each temperature and

from the slope, the data summarized in Fig. 3.3.1 is produced.

From these measurements, it is simple to deduce both M and Q constants and the

temperature dependence of Q is shown in Fig. 3.3.2. It is evident that like the T.O.E. constants

the R point instability at low temperature does not reflect strongly in the Q constants which are only

weakly temperature dependent.

A preliminary fitting to the anharmonic shell model however, using the method of Barsch

and Achar, shows that for any of the models chosen (Table 3.3.1) it is not possible to fit both the

third order elastic constants and the electrostriction constants with the same model parameters.

* Table
Anharmonic shell model parameters, TOE constants (10"N/m 2 ), and

electrostriction constants (m 4/c 2).

Model C1 C2 C3 C1 11  C 11 2  Quh Qs Q1212

1 -13.0 -2193 -392 -25.3 -3.835 .274 -0.629 M

2 -122 992 -48.8 7.56 -2.284 .274 .5426 -.263

3 -13.4 189.1 -387 -2.98 -3.80 1.64 .539 Z75

4 -74.1 -840 5218 -1.394 1.805 354 .7278

exp -13.66 -0.253 .274 .5426 .275

3.4 Practical Electrostrictors

3.4.1 Relaxor Ferroelectrics

A wide spectrum of evidence from the macroscopic dielectric, elastic, electrostrictive and

:lectro-optic behavior of relaxor ferroelectrics in the perovskite and tungsten bronze families has

been reviewed. The balance of evidence is suggested to support a model in which local

compositional heterogeneity gives rise to a broad distribution of local Curie points in very small

(100A) 3 regions of the sample. Evidence from order:disorder studies in Pb(Scl/2Tal/ 2)O3 show

0~! •" ". .% " . - .% % " % % ,% " % " . - ," - - . - % - - -
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the critical role of local heterogeneity in the relaxation behavior and are now strongly supported by
TEM analysis by Barber and his group in Essex and by Harmer and co-workers at Lehigh.

3.4.2 Aging Studies in Pb(M 1I/3NbbJ2/3.13Pb.iQ

To further explore the role of aliovalent defects in PMN:PT which have been shown to be
responsible for the preferential aging out of the frequency dependent part of the dielectric

permittivity in PMN:PT doped with MnO2, aging studies have been carried out under DC bias

fields.

For a 10 mole% PbTiO3 composition which has a depoling transition below room

temperature an ordered micro domain state can be established at room temperature under high DC

bias (10 Kv/cm). In an annealed sample cooled quickly to low temperature, no remanent
polarization is established. For a sample aged under DC bias then short circuited and cooled

however, a strong remanent polarization appears equivalent to that generated by cooling under a

DC bias of - 2.5 Kv/cm.

We believe that aging the ordered micro domain status, establishes an ordered component

in the defect dipole structure stabilizing the domain orientations, but because of its slow time

constant for build up and decay this ordered component will persist even when the macro

polarization has been relieved by short circuiting, and will thus again order the domains on

cooling.
It would appear that this experiment offers the first clear evidence of the magnitude of the

effective equivalent field generated in the defect ordering associated with the aging processes.
3.4.3 Grain Size Effects in Relaxor Ferroelectrics

Studies on this contract include measurements of grain size effects upon lead magnesium
niobate (PMN) and lead lanthanum zirconate titanate (PLZT) relaxors. In PMN based systems

both the dielectric permittivity K and the electrostrictive field coefficients M depend on grain size,

but the polarization related Q constants do not. The dependence is not simple and other factors

such as the diffuseness of the phase transition are also altered.
For PLZT, using grain grown samples it is possible to measure the grain size effect over a

much wider range and to begin also to look at intrinsic thickness effects in single grain thick
samples. Again the effects are complex, depending critically on the boundary conditions on the

grain under study. A detailed account of this work will be given next year.

3.5 Preparative Studies of Relaxors

The composition PbZnl3Nb2/30 3 presents a continuing challenge to ceramic processing.

It is known that single crystals of PZN, and of PZN:PT solid solutions have quite exceptional

piezoelectric properties (d33 - 2,000 pc/N). So far however, it has proven impossible to densify
polycrystal samples without inversion to a more stable pyrochlore structure which has totally

uninteresting properties.

-
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Stabilization of the ceramic form has been achieved by solid solution with BaTiO3 with

SrTiO3 and PbTiO 3 and by low temperature sol-gel processing. In all cases, however, there is a

degradation of the properties of the pure perovskite PZN either due to the chemical doping, or to

the presence of some unwanted pyrochlore phase.

4. THERMODYNAMIC PHENOMENOLOGY AND PROPERTIES OF

PRACTICAL ELECTROSTRICTORS

4.1 Introduction

Perhaps the major accomplishment on this year's contract has been the completion of a
thermodynamic phenomenology for the whole PbZrO3 :PbTiO3 solid solution family. We believe

that this study by M. Haun and co-workers the continuation of a study which started some 10

years ago by A. Amin will provide a tool for calculating the intrinsic single domain parameters for
&. composition in the PbZrO 3:PbTiO3 system from pure PbZrO3 to pure PbTiO3 at any

* temperature. The method of derivation makes use of, and cross correlates the most reliable current
data on PZT, and no doubt the function will be updated and improved as new measured values are

incorporated.

Application of the theory to pure lead titanate gives very good agreement with measured

values and permits the prediction of single domain properties which have not yet been measured.

Derivation of the coefficients in the energy function has required new experimentation on a
range of compositions which had to be prepared specially for these measurements. Dielectric and

piezoelectric studies also had to be carried down to very low temperatures to freeze out defect and

domain contributions and permit derivation of the orientation averages of the intrinsic constants.
In related studies a detailed analysis of the nature of the anisotropy in the modified lead

titanate ceramics has been included for completeness.

4.2 Thermodynamic Phenomenology for PZT

Over the last 10 years, a full Landau:Ginsburgh:Devonshire (LGD) phenomenological
theory has been developed for the PbZrO3:PbTiO3 solid solution system. In the Taylor series

expansion for the elastic Gibbs free energy, the basic assumption is that all temperature dependence

is carried in the lowest order terms. A second assumption is that the coefficients in the energy

function only mutate slowly and continuously with chemical composition and that the phase

changes which occur are associated with the crossover between alternative solutions in different

polar or antipolar forms.
To permit the description of the antiferroelectric lead zirconate rich phases, a two sublattice

0 model is required, but so that this model will have the same form as in all the major ferroelectric

species, the expansion is made in terms of sum and difference of the sub lattice polarization, i.e.:

[W,0 Pj / / n . " ". " ,". '_" q " . " . -" A r ""w.' ' "~-','*'' % % ' '% % %*°' '- ' ' , % .
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PF = Pa + Pb

PA = Pa - Pb

In the final refinement, additional parameters must be used to permit the description of the

phases in which the oxygen octahedra take up rotated positions about the polar axis.

These rotation coordinates 0 change the shape of the PZT crystal so that new coupling

constants which we designate rotostriction constants are required. Since positive and negative

rotations produce the same shape change, it is clear that the constants are rotostriction and not

piezorotation descriptors. Similarly for the antiferroelectric phases which are characterized by non-

zero values of the antipolarization pi the antipolarizations will be shape changing through

antiferroelectric striction constants Zj analogous to the Qij constants.

The full theory is described in a sequence of six papers, preprints of which are appended to

this report.
4.3 Experimental Measurements on PZT Samples

Pure homogeneous ceramic samples of specific PZT compositions which were required to

provide experimental data missing from the literature were prepared by sol-gel methods. X-ray

powder diffraction was used to study calcining and to select optimum conditions. For

measurement, the powders were sintered at temperatures in the range from 1000 to 1250 0C to

produce high density (96 to 97% theoretical) bodies with uniform microstructures.

Excess lead was included in the starting powders to improve densification by the fugitive

liquid phase.
Powders from these samples were used for x-ray characterization of spontaneous strain.

Bulk ceramic samples were measured at very low temperatures to determine averaged dielectric

properties.

4.4 Derivations from the Phenomenology
4.4.1 Lead.Totanate

The phenomenological theory has been used to model the dielectric and piezoelectric

properties of single crystal lead titanate and to calculate the intrinsic behavior of poled polycrystal
PbTiO3.

The phenomenological calculations show good agreement with the low temperature

dielectric behavior of lead titanate and permit the calculation of single crystal piezoelectric

parameters which have not yet been measured experimentally.
In the ceramic calculations, upper and lower limits can be predicted for the averaged

electrostrictive, dielectric permittivity spontaneous polarization and piezoelectric coefficients.

Experimental data falls between these two bounds. The large piezoelectric anisotropy d33/d31 is

N V N% %'
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traced to anisotropy in the single crystal electrostriction constants Q1l/Q12 and QW/Q12 with the

possibility of a change in sign of d31 due to slight changes in the single crystal anisotropies.
4.4.2 Electrostriction in PZTs

Electrostriction constants Q12 measured on ceramic samples were used together with single

crystal data to approximate the composition dependence of electrostriction across the phase
diagram. Series and parallel models analogous to the Voight and Reuss models for elastic

constants were used to relate the ceramic and single crystal constants and to derive bounds for the
ceramic constants from the calculated single crystal parameters.

5. ASSOCIATED PROGRAMS

Each year, a major effort is required in the preparation and characterization of perovskite
and related oxide materials to service the needs of the property measurement groups. This year we
would list:

1) Preparation of fine powders of PbTiO3:BiFeO 3 and of PbTiO3 for composite studies.

2) Growth of single crystals of perovskite fluorides for electrostriction studies.
3) Extensive studies on pure and on chemically modified Pb(Znl/3Nb2t3)O3 for piezoelectric

and electrostrictive applications.
4) Preparation of highly homogeneous PZTs at many compositions across the phase diagram

to aid in final development of the thermodynamic phenomenology.
These studies have been reported in the earlier sections.
In work closely related to the phenomenological studies of the PZTs, a detailed study has

been going on in MRL of the nature and characteristics of the highly anisotropic modified lead

titanate ceramics.
For both calcium and samarium modified compositions, it is possible to choose

composition and poling condition such that d3! and consequently kp the planar coupling goes to
zero at a particular temperature.

The phenomenological studies suggest that part of the origin of this useful practical

performance lies in the basic anisotropy of the single crystal electrostrictive Q constants which
assure that d3! will be unusually low. In closely related studies however it has been shown that
for a proper modelling of the resonance behavior a complex d* is absolutely required and that
whilst the real part of d31 goes to zero in an appropriate temperature depending upon preparation,

chemistry and poling, the imaginary component does not.
The strong suggestion is that extrinsic factors turn the already low d31 and are in fact

0! responsible for the observed temperature behavior. Reports of these studies are appended for

completeness.

-0j,
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4. J.N. Kim, M.J. Haun, S.J. Jang, L.E. Cross, X.R. Xue. "Temperature Behavior of

*Dielectric and Piezoelectric Properties of Samarium Doped Lead Titanate Ceramics," IEEE

Trans. on Ultrasonics, Ferroelectrics and Frequency Control, submitted.
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7. Anplied Science Anorenticeshipl

It is the purpose of this program to provide opportunity for high school students to

become acquainted, during their summer break, with the workings of a major research

laboratory and the fascination of research and discover. The objective is to have a maximum of

four students in this category who could work closely with the post-doctoral fellows and

graduate assistants in the Materials Research Laboratory on problems associated with our ONR

program in the Center and Dielectric Studies and on the program of research on Piezoelectric

and Electrostrictive Materials for Transducer Applications. These programs which

encompasses the preparation, characterization, and measurement of properties of a wide range

of new electroceramic and ceramic-plastic composites offer many opportunities in which the
"extra pair of hands" and quick perceptions of a well-motivated high school student provides

invaluable assistance.

We believe that the relaxed atmosphere and constant interchange between faculty, post-

doctoral fellows, graduate assistants, and technical aides, and the continuous presence of many
eminent foreign visiting scientists provides a very stimulating environment for the young
student who may be at a critical juncture in making decisions as to longer range career plans.

A secondary but not insignificant advantage of the program is in the additional

Sr component which it provides in the education of our graduate students. Most of these young
men and women will go out into responsible positions in Government and Industry where they
will be called upon to organize and supervise the work of many junior engineers and

technicians. This program, which attaches the technical aid to a graduate assistant, gives him
the chance to organize the work of a second person to speed his own program, but also the
responsibility of the associated human problems of scheduling and humane management. We

believe it has been a most valuable experience for the graduate assistants who have participated

and has given them very useful insights into both the problems and the rewards of "people
management"

For the last three years, we have developed a much closer relationship with the
University's Upward Bound Program, who are able to draw well-motivated black students
from the Philadelphia School System. Over the years it has become our custom to issue each

student participant a certificate on completion of the term at a small internal ceremony in MRL.

Copies of certificates given to our last three successful apprentices are appended.
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AN EXTENSION OF THE COMPOSITE NOMENCLATURE SCHEME

S. M. Pilgrim, R. E. Newnham. and L. L. Rohlfing
Materials Research Laboratory

i The Pennsylvania State University. University Park, PA 16802

III

,,5. (Received February 4, 1987; Refereed)

.. ABSTRACT

An expanded version of composite nomenclature Is presented. This nomenclature Is based

on the principles of conneclivity. property type, tensor rank, size scale, and orientation.
Families of connectiviy patterns for diphasic and triphasic composites are listed. These
families adequately reflect the possibilities of composite onnectivities. The oncept of

, % quasi-composies is iltoduced in order to clarify the relations among constituent phases in a
composite. An extension of the nomenclature to encompass dependence of the
connectivity on external variables Is also Included. The nomenclature scheme conforms to

1-% Intuitive ideas of Importance; however, It is based on rigorous application of rules of
precedence.

MATERIALS INDEX: Composites, Nomenclature, Piezoelectric

.. n

The use of composite materials for piezoelectric, pyroelectric, dielectric, and mechanical
applications is well documented. The advantages of composites for improving performance as compared
to single phase materials have been demonstrated on several size scales. These size scales extend from
the nanometer scale to the centimeter scale. The nanometer scale of composite materials can be found in
some polymer blends and copoymers, particularly those used for mechanical applications. The ABS
(acrylontrile-butadiene-styrene) blended copolymers typify this scale and use. The ABS composite
oonsists of discrete, Irlerlocking phase separated regions with a distinct boundary phase. All phase
domains are present on the nanometer scale. The micron size scale Is typified by some piezoelectric
composites. In this case, the composite may consist of piezoelectric ceramic particles embedded in a
polymer matrix (1). The particle size is on the micron scale. Piezoelectric composites may also be made on
the millimeter scale (2]. This Is the case when macroscopic machining Is done to a monolithic piece of
iezoelectri ceramic. The rmai size scale for composites is the centimeter scale. Reinforced concrete can
be viewed as a centimeter scale composite. Both the reinforcing rod diameters and the Inter-rod
separation are on the centimeter scale.

Although composite materials can be formed on dimensional scales covering at least seven orders
of magnitude, the underlying principles are the same. The connectivities of the constituent phases within
the composite, and the relative sizes of the phases with respect to each other and to the Interrogating
field, are critical. In order to fully exploit the possilities of composite materials, a scheme of nomenclature
is necessary. Fabricating a composite requires both the proper constituent phases and also the optimum
spatial connectivity. Connectivity has been defined as the number of dimensions In which a phase is
seli-connected [3). The connectivity of the constituent phases can afer the physical properties of the
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composite by many orders of magnitude.
The Importance of connectivity is illustrated in Figure 1. Figure I presents a simple insulator

composed of a minor, conductive phase and a major nonconductive phase. In the insulator shown in
Figure Ia, the conductive phase is present as discrete particles; however, in Figure Ib the conductive
phase is present as a three dimensionally connected network. Clearly the Insulator with discrete
conductive regions will have a massively different response than that of the insulator with connected
conductive regions. Proper phase choice and connectivity are not the only important factors in fabricating
a composite. The symmetry of the composite is also important, since physical properties are related to
symmetry through tensor relations.

Si

FIG. la and FG. lb
10-3) and (3-3) Connected Composites

The type of excitation or interrogation which 9vokes the desired response is also important. Its
nature will determine on what size scale the connectivity and symmetry should be specified. The size
scale of the composite in relation to the size scale of the interrogating field is important in interactions with
acoustic and optical fields. If the phase connectivity is on a smaller scale than the wavelength of the
interrogating field, the composite will respond as an apparently single phase material. An additional
consideration is the nature of the physical property under investigation. Physical properties may be linear
results of the effects shown by the constituent properties, or more complicated results of the effects

Van Suchtelen has defined two types of effects in diphasic composites-sum and product
properties [4]. Sum properties are the result of an 'averaging' of a physical property common to both
constituent phases. Young's modulus and the dielectric constant are both sum properties. The manner of
the 'averaging' is dependent on the connectivity, symmetry, and orientation of the phases. A large
number of averaging schemes for various properties are available in the literature [5]. Product properties
are more complex. In a product property, the excitation of phase (A) stimulates a response which in turn
acts as an excitation of phase (B) to generate the final response. Product properties can therefore result in
a physical property effect which is present in neither constituent phase.

An example of a product property is the superconductivity stabilizer by W. N. Lawless [6]. In this
product property, a superconducting cable of Nb3Sn is sheathed with a paramagnetic ceramic of CdCr 204
Temperature variations cause portions of the superconducting cable to revert to normal metallic
conduction. This results in a decrease in the electric current and a decrease In the accompanying

* magnetic field which is supported in the ceramic. The decrease in the magnetic field demagnetizes the
paramagnetic CdCr 2O4 and thus reduces its temperature. This in turn cools the Nb 3Sn cable causing it to
return to the superconducting state. Regardless of the composite system, the possible types of physical
properties and their magnitudes are intimately related to the connectivity.

. %l0,

*! Connectivity is a vital feature In characterizing and predicting the response of a composite. In order
to describe the connectivity of a composite the oonnectivities of the constituent phases are written in
order (3). The concept of ordered mixing also plays a part when considering connectivity [71.

For diphasic composites ten connectivitlies are possible: 0-0, 1-0. 2-0. 3-0. 1-1, 2-1, 3-1. 2-2, 3-2.
3-3. However, in considering only ten diphasic connectivities the fact that two composites of the same
phases and connectivity could differ radically was ignored. Specifically, no convention for the ordering of
the phase connectivties was established. For example, a composite formed from Pb(Zr,Ti)0 3 rods

* embedded In a polymer matrix has markedly different piezoelectric properties than a monolithic

...................................- .- '- .
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Pb(Zr.TI)0 3 with polymer tilled channels within t [8,21. Considering just the ten diphasic connectivities
both composites would possess 3-1 connectivity. Recent usage has considered the former as a 1-3

- connected composite and the latter as a 3-1 connected composite. In this convention the active phase
connectivity is written first. By accepting the active-first convention six additional diphasic connectivities
are generated:0-1, 0-2, 0-3, 1-2, 1-3, 2-3. These sixteen diphasic connectivities form ten families, where a
family Is denoted by braces i.e. (3-1). The {3-1) consists of the connectivities 1-3 and 3-1 when the

- connectivity of the active phase is written first. In some cases one of a family of connectivities has been
" referred to as an Inverted connectivity. An example of this is the 3-0 connectivity member of the (0-3) [9]
*... Applying the active-first convention to triphasic composites generates more than the twenty

connectivity patterns previously enumerated [3].

- TABLE
Diphasic Composites In fact the twenty patterns are actually twenty families of
Family members connectivities. These twenty families and the number of

% (0-0-0) 1 their members are listed in Figure 2. Each family contains
., , (0-0-1) 3 one, three, or six members. As an extension of the

(0-0-2) 3 active-first convention, the phase connectivities should
(0-0-3) 3 be written in order of activity. An active phase is
(0-1-1) 3 considered to be one which possesses a desirable

* (0-1-2) 6 physical property not shared by another constituent
(0-1-3) 6 phase. Next in precedence are those phases which
(0-2-2) 3 phase possess a particularly desirable property
(0-2-3) 6 coefficient. Lastly the connectivity of the phase
(0-3-3) 3 possessing no especially desirable physical property or
-(1-1-1 ) 1 property coefficients is written. Briefly this order of
(1-1-2) 3 precedence can be given as active-inactive-inert. For
(1-1-3) 3 larger numbers of phases the following rules of
1-2-2) 3 precedence apply:

(1-2-3) 6

(1-3-3) 3 1 Unique desired property (property possessed by only
,.-.( 2-2-2) 1 one phase)

S- 2-2-3 3 2 Desired property coefficient in a shared property
- (2-3-3) 3 3 Tensor order of coefficient or property

(3-3-3) 1 4 Volume fraction
5 Weight fraction
6 Formula weight or repeat unit weight

S-.. In order to properly define a composite connectivity the principle of quasi-composites is used. A
.. quasi-composite is formed when one phase is entirely within another or when there is a large difference in

* size scales within the composite. In Figure 2a, phases A and B form a quasi-composite with (3-1)
- -connectivity which is embedded in a matrix C Quasi-composite (A-B) is one dimensionally connected in

the total composite. The resultant total composite connectivity is (3-1(3-1)). This is clearly different than
the (1-1-3) composite of A, B, and C shown in Figure 2b.

Size scale differences may also generate quasi-composites. If a group of phases exists on a size
scale more than two orders of magnitude larger or smaller than the other size scales present, the group
forms a quasi-composite. Assume a polymer matrix (A) loaded with a particulate piezoelectric (B) and a

* particulate conductor (C), whose particle size is two orders of magnitude smaller than that of phase (B). In
this case phases (A) and (C) form a quasi-composite and generate a total composite connectivity which is
pseudo-diphasic. The phases in the pseudo-diphasic are the particulate piezoelectric (B) and the 0-3
diphasic quasi-composite of (C) and (A). The total composite connectivity is designated as 0-3(0-3). This
connectivity is derived from B-3(C-A). It should be noted that the rules of precedence still apply--the
connectivity of (B) is still written first since it is an active phase. The connectivity of the quasi-composite is
written next since It contains only a desirable shared property. The total connectivity of the
quasi-composite Is given In parantheses following its overall connectivity.
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"-

% PHASE A PHASE B MATRIX IS PHASE C

FIG. 2a and 2b
(3-1(3-1)) and (1-1-3) Connected Composites

The scheme of forming quasi-composites when phase sizes differ by more than two orders of
magnitude Is both instructive and extensible It clarifies the connectivity. but does not obscure the basic
underlying connectivity. Connectilities with quasi-composites are to connectivites what space groups are

* to point groups; they provide additional Inormation without obscuring the essentials. The technique is
extensible since no restrictions on the number of phases present have been assumed. In the case of 'n'
phases, the Individual quasi-composites are grouped beginning with the smallest size scale present.
Then, while considering 'p' of the n' phases to form 'q' quasi-composites for a resultant number of
constituents 'n-p+ r. the rules of precedence are applied. For example, the total connectivity of a six
phase mixture composed of:

(A) 0.1 jm particulate conductor
(B) 10 Wn particulate piezoelectric
(C) 10 pm particulate
(D) 1.0 mm conductive mesh
(E) 1.0 cm nonconductive rods
(F) matri

would be found by following the rules of precedence and the flowchart given in Figure 3.
The series of progressive expansions of this composite are shown In Figure 4. Phases (A) and (F)

form a quasi-composite with connectivity 0-3. Phases (B) and (C) and quasi-composile (A-F) form a
quasi-composite with connectivity 0-3(03)-0. Phase (D) and quasi-composite (B-3(A-F)-C) form a
quasi-composite with connectivity 3(0-3(0-3)-0)-2. The quasi-composite has precedence over phase (D)
as a result of its piezoelectric activity. The quasi-composite (3(B-3(A-F)-C)-D) and phase (E) form the

,' complete composite 3(3(B.3(A-F)-C)-D)-E with connectivity 3(3(0-3(0-3)-0)-2)-1. On considering this
composite from the final total connectivity, this material is composed of a three dimensionally connected
quasi-composite matrix with precedence over a rod-like phase. On a smaller scale the matrix is composed
of a three dimensionally connecled quasi-composite matrix with precedence over a mesh-Ike material. On
a yet smaller scale the matrix is composed of two particulate phases, of which one has precedence over a
three dimensionally connected quasi-composite matrix. Al the smallest size scale, at least six orders of
magnitude smaller than the largest scale present, the quasi-composite matrix is composed of a particulate
phase with precedence over the actual matrix phase.

No reference to the orientation of the one or two dimensionally connected phases has been made
previously. Consequently the composites in Figure 5 are indistinguishable by connectivity alone. Some
of this ambiguity can be removed for composites which possess an accepted unique axis of orientation.
Polar . mechanically stretched, electrically excited, and extruded materials all contain a conventional axis o
Interest. This conventional axis of interest can be considered as an axis of orientation. If the connectivity
within a one dimensionally connected phase is perpendicular to the orientation axis, the connectivity
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PHASE A E-1QUASI-COMPOSITE
B-3(A-F)-C

E. PHASE F sPHASE D

.M QUASI-COMPOSITE

El QASICOI4POITE -F 111111 El 3(B-3(A-F)-C)-D. E PHASE 8
V0I .1 .1 0 PHASE E

EPHASEC 1

FIG. 4

Progressive Expansions of Six Phase Composite

.... ....

S

Si.FIG. Sa arid Sb
"S (1.-2-3) and (1 +2-3) Connected Composites

should be preceded by a'' instead of a '-. Additionally, N the normal to a two dimensionally connected
phase is perpendicular to the orientation axis the phase connectivity should also be preceded by a '+'. By
this convention the composites of Figure 5 can be distinguished. Figure 5a possesses (1-2-3)
connectivity; Figure 5b possesses (1+2-3) connectivity.
The six phase composite discussed previously would be have 3(3(0-3(0-3)-0)-2)-1 connectivity it the rods
(E) are parallel to the orientation axis and I the normal to mesh (D) is parallel to the axis of orientation. If both
the rod axis and the mesh normal are perpendicular to the orientation axis the connectivity would be
denoted as 3(3(0-0-3(0-3))+2)+1. This convention does not distinguish between Figures 6a and 6b
Both are (+1 +2-3) connected composites.

Transiins
* - .' The nomenclature appropriate to a composite may change as a function of externally applied fields
• or effects. Such variables Include temperature (M). voltage (V), and stress(o). Applied variables which
-. - result in second order effects I.e. electrostriction (EE), and cross properties such as magnetoelectricity

(BE) are also inclJded as external variables. Two types of transitions may result from a change in external
variables. In the case of a phase property transition, the transition occurs within a phase. A connectivity
transition does not involve any change In phase properties, but may alter the composite properties or
connectivity. In order to denote a transition, a prototypic connectivity is required. The prototype is taken
to be the connectivity present at 0 K with no externally applied fields or forces. Transitions are denoted by

S
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"p, FIG. 6a and 6b
1+1+2-3) and (+1+2-3) Connected Composites

wnting the prototypic symmetry, the external variable(s), type of transition ('p' for phase property transitions
* or 'c' for connectivity transitions), and the new connectivity.

-. , Taking a 30 VoM% V20 3-polyethylene composite thermistor as an example, the nomenclature would

..- yield a 3-3 prolotypic connectivity. The polyethylene connectivity is listed first since both phases are inert
and it is the majority phase. The V20 3 phase has a temperature induced phase property transition (NTC) at

* -135 oC which is denoted Tp. This transition results in a 3-3 connectivity. It must be noted that the order
of phases is now reversed. The conductive V20 3 now takes precedence over the inert polyethylene.

" "This transition is denoted: 3-3Tp3-3.
Another example involves a composite varistor sandwiched between insulators. The composite is

composed of a quasi-composite of conducting ZnO and insulating Bi20 3 with 2-3 connectivity, an
insulating A120 3 phase, and a minor electrode phase The prototype has 2-2(2-3)-2 connectivity. The

electrode connectivity is first (conductivity has precedence), and the quasi-composite connectivity is
second since it is present in a larger volume fraction than the A120 3 . Applied voltage causes a phase
property transition in the quasi-composite which makes it conductive The resulting connectivity is
2(2-3)-2-2, with the quasi-composite now taking precedence as the largest volume traction conductor.
The entire transition is denoted: 2-2(2-3)-2Vp2(2-3)-2-2.

If multiple transitions occur they are listed as progressive deviations from the prototypic state. The
- •,* thermistor corrposite mentioned above has a second transition at 130 oC. This transition is a temperature

induced connectivity transition (Tc). This transition results in the breakup of the three dimensionally
connected V20 3 phase into a discrete phase. This transition, 3-3Tc0-3, does not alter the order of the

phases--the V20 3 phase is still first. The complete connectivity description for the composite thermistor is:

3-3Tp3-3TcO-3. If multiple transitions are nonsequential or independent they are written in increasing
tensor rank of the external variable. The nomenclature for a composite formed from a thermistor and a
varistor would fist the temperature transition before the voltage transition.

suma=
The idea of connectivity patterns has been expanded to form connectivity families for diphasic and

triphasic composites. These families more adequately reflect the possibilities of composite connectivity
than those given elsewhere. As a furher improvement, an expanded version of composite nomenclature

* has been presented. This nomenclat, e is based on the principles of connectivity, quasi-composites,
orientation, and transition.

The order of precedence for the connectivities within a composite has been defined. The order of
precedence conforms to intuitive ideas of importance; however, it is based on rigorous application of the

.4 rules of precedence:
* ~1 Unique desired property (property possessed by only one phase)

2 Desired property coefficient in a shared property
!* 3 Tensor order of coefficient or property
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14' 4 Volume f raction
5 Weighi fraiction
6 Formula weight or repeat unit weightU

These rules are applicabl In 4 purely mechanical sense.
Ouasi-composites were Introduced to clarify the spatial and size relations among phases. Physically

segregated phases formi quasi-composites. Phases present on different size scales also form
* quasi-composlites. In writing the total connecivity, quasi-composite connectivities are grouped by

parantheses and cionform to the rules of precedence for connectivities.
Orientation of one and two dimensionally connected phases has been denoted within the

nomenclature scheme. If a one dimensionally oonnected phase, or the normnal to two dimensionally
connected phase, Is perpendicular to the composite axis its connectvity is preceded by a'+'. In the case
of a parallel or oblique relation to the composite axis the connectivity is preceded by a

Transitions as a result of external variables are described for composites. A concise method for
writing the transition based on prototypic connecivity, external variable, and transition type is given.

These four major themes form the basis of the expanded composite nomenclature. The scheme is
extensible to rruliphase composite systems. It accurately reflects the physical relations of phases within
composites.
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Composite
electroceramics
Part 2
Robert E. Newnham

Part 1 of this article (CHEMTECH, December 1986, pp. perpendicular to the laminated sheets and to both sets of
732-739) outlined some of the basic principles of glass fibers. Its twofold symmetry axes are oriented
composite electroceramics: sum and product properties, perpendicular to the 4 axis and at 450 to the fiber axes. The

* polychromatic percolation, and the effect of porosity, tetragonal symmetry is maintained when the laminate is
.-. among others. In Part 2 we'll examine composite-material heated; double-curvature distortion occurs, but the

symmetry, well discuss Curie groups, magnetic Curie symmetry elements of point group 42m are not violated.
groups, and color groups, and we'll review their effects on Laminated composites with -0 angle-ply alignment
physical properties. exhibit orthorhombic symmetry consistent with point

. Many varieties of symmetry are found in composite group 222 (they have three perpendicular twofold axes). In
materials. In describing their symmetry, the basic idea is a 10 angle-ply laminate, the fibers in the first layer are
Pierre Curie's principle of symmetry superposition: oriented at an ang!e of +0 with respect to the edge of the

* Composite materials exhibit only those elements of laminate (Figure 3). Fibers in the second layer form an
symmetry that are common to their constituent phases and angle of -0 with the edge, and they form an angle of 20
to the geometric arrangement of those phases. with respect to the fibers in the first layer. A pair of

The practical importance of Curie's principle rests with twofold symmetry axes bisects the fiber directions, and a
its influence on physical properties. Neumann's law from third is perpendicular to the laminated layers. When
crystal physics sums this up: The symmetry elements of heated, the fibers twist but the symmetry is unchanged.
any physical property of a composite must include those of The varieties of thermal strain exhibited by the three
its crystallographic point group. Nye discusses applications laminated composites are excellent examples of
of this law to single-crystal materials (1). A discussion of Neumann's law. In each case, the symmetry of the physical
the more wide-ranging effects of symmetry has been given properties includes that of the point group of the
bv Shubnikov and Koptsik (2). composite. Other properties of the composite obey

Laminated composites are good illustrations of Neumann's law as well. The elastic properties of an angle-
composite symmetry. The glass fibers of unidirectional ply metal matrix are shown in Figure 4.
laminates are aligned parallel to one another, and these Maximum anisotropy in Young's modulus is observed

, laminates are said to have orthorhombic symmetry when the fibers in the adjacent layers of the matrix are
(crystallographic point group mmm [Figure 11). parallel to one another (0 = 0° or 900). In this case, the

Mirrir planes are oriented perpendicular to the symmetry of the composite is orthorhombic, but as 0
laminate normal and perpendicular to an axis formed by approaches 450, the anisotropy disappears until the

* the intersect cr of the other two mirrors. Therefore, the symmetry becomes tetragonal at 0 = 45* . This corresponds
physical properties of a unidirectional laminate must to the symmetry of the cross-ply laminate.
reflect the symmetry elements of point group mmm. If the The point groups for unidirectional laminates (mmm),

. laminate is heated, thermal expansion will cause it to cross-ply laminates (42m), and angle-ply laminates (222)
change shape. Less expansion will take place parallel to the are examples of crystallographic symmetry in composite
fiber axis because glass is less prone to thermal expansion materials. Three-dimensional composites use more
and has greater stiffness than polymers do. The laminate complicated patterns. Woven carbon-carbon composites
will expand anisotropically, but its symmetry will not are made from carbon fibers infiltrated with pyrolytic
change. The heated laminate continues to conform to carbon (3). Aerospace engineers have found that weaves
point group mmm. with cubic geometries show excellent resistance to wear.

A cross-ply laminate is made up of a pair of Cubic symmetry is obtained by weaving fibers in
unidirectional laminates bonded together with their fiber directions that correspond to important symmetry
axes at 900 (Figure 2). Such a laminate belongs to directions in a cube. In one such pattern, the fiber axes are

* tetragonal point group 42m. The fourfold axis is aligned perpendicularly to one another along three
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*L [Figure 1.(a) Unidirectional laminate consisting of parallel 222 symmetry Twisted curvature
gasfibers In an epoxy matrix has orthorhombic symmetry. on heating

(b) Symmetry of the composite Is maintained when it is
heated. Figur I (a) +0 angle-pty laminete w#Rh 222 symmeby.

(b) When heated, this laminate twists but keep Its original
symimetry.

m
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Figur 4. ±8 angie-ply composite of boron fibers in an
Figure 2. (a) Cross-ply laminate containing orthogonal aluminum matrix. When 9=00 or 900, the fibers In the two

ibIn adjacent layers has a fourfold Inversion axis and layers are parallel. When 9 = 450, the fibers are 900 from
two mirror pianes, i2m. (b) Double curvature occurs on one another. Youngs modulus as measured In the x and y



- Although the term symmetry Is used to describe areas
and objects as diverse as mathematics, electrical
charge, magnetism. and crystals. in all it implies

V hafroy- sameness, or something that remains
*. . unchanged throughout an operation. In solid state

chemistry, or crystallography, symmetry operations on
materials are discussed In terms of symmetry elements,
Includlng.
* Rotation axis, n
a MIrror plane. In
a- fir o D e.r '".patterns

The elements noted are examples of those.belonging to
*point symin~y. .because at least one Point in the

• material remains unchanged during thy symmetry
• operation. Crystals have been found to belong to one of

32 possible combinations of point elements; each

combination Is called a point group.

nonintersecting <100> directions. Another has four (b) (c) (d)

nonintersecting <111> directions as fiber directions. An
even more complex weave is obtained by combining the Figure 5. (a) Elecroceramlc bodies with many different
<100> and <1 I1> patterns in a seven-directional weave Figures (an etre bo dies (b An dn

% with faceted strands. In the carbon-carbon composites, symmetries can be extruded by using dies. (b) An end-on
%,, ,.: view of a hexagonal monolithic honeycomb pattern. (c)
%-.. 60-75% of the volume is occupied by carbon fibers. tetragonal pattern with square and diamond faces. (d) An

Ex".u.ed orthorhomblc pattern

Other symmetry elements can be introduced during An ordinary liquid, such as water or benzene, has
processing. The extruded honeycomb ceramic used as a spherical symmetry. The molecules have no alignment or
catalytic substrate is one interesting example (4). By handedness, and hence there are infinite numbers of
suitably altering the die used to extrude the ceramic slip, a infinite-fold axes and mirror planes, corresponding to
large number of different symmetries can be incorporated Curie group go m. All other limiting groups are
into a composite body when the extruded form is filled subgroups of w = m, as indicated in Figure 7.
with a second phase. Figure 5 illustrates three extruded The mirror planes are lost when the liquid possesses
geometries with hexagonal, tetragonal, and orthorhombic handedness. A simple way to impart handedness is to
symmetries. The orthorhombic pattern (Figure 5a) dissolve sugar in water. Although randomly oriented in
resembles the cellular structure of wood in which cell walls water, the sucrose molecules are all of the same

% terminate on adjacent transverse walls. Such a structure handedness, thereby making the solution optically active.
offers excellent resistance to mechanical and thermal When dissolved in water, dextrose and levose-the right-
shock. and left-handed forms of sugar-give rise to the

Lead zirconate titanate (PZT) honeycomb ceramics enantiomorphic forms of point group . This symmetry
* have been transformed into piezoelectric transducers by can be imposed on a composite material by incorporating

poling them and adding electrodes. Honeycomb randomly oriented, left- or right-handed molecules within
transducer symmetry depends on the symmetry of the the body.
extruded honeycomb and on the poling direction. For a Point groups = m and = are consistent with random
square pattern, the symmetry of the unpoled ceramic is orientation of crystallites as well. A polycrystalline body of
tetragonal (4/mmm) with a fourfold axis parallel to the alumina (single-crystal symmetry 3m) belongs to - ,m.

"Z extrusion direction. When the honeycomb is poled parallel The symmetry group of polycrystalline quartz
in the same direction as the extrusion, the symmetry (enantiomorphic single-crystal group 32) depends on the
changes to 4mm. relative population of right- and left-handed grains. If the

Longitudinally poled PZT composites have been two are equal in population, as is normally the case, the
investigated by Shrout and co-workers (5). Transversely symmetry of the randomly oriented polycrystalline body is
poled, epoxy-filled composites are especially sensitive to m. If left-handed grains were syst'matically
hydrostatic pressure waves (6); their symmetry belongs to excluded, for example by grinding up a right-handed
the orthorhombic point group mm2 (Figure 6). crystal, the symmetry group would be

Not all composites have crystallographic symmetry. Composite bodies that have texture or direction may
Some belong to the seven limiting groups that have belong to one of the five remaining Curie groups: -/mm,
infinite-fold symmetry axes (Figure 7). The best known of m, n/m, - 2, or -. Texture is added to a composite
the Curie groups are those with spherical ( m r i), when it is mechanically processed. All five groups have
cylindrical (-/mm), and conical (-rnm) symmetry (2). The special symmetry axes. Liquid crystals have an
other four groups exhibit right- and left-handed orientational order that conforms to Curie group
characteristics, which can best be illustrated by various symmetry. In nematic liquid crystals, the molecules are
liquids, parallel to one another, giving cylindrical symmetry

-., , ,, ; ; ,,,- ... -. ,,,,.,.,'- -. e.".,.-,.- . , ,_,_, ., . .,.-,.- -.. - . -, -
•~~~~~~ % %= . ".: L =H ' -7 . ,- - ' w,--. ,.,r ,, .", ."..-- . '..% '.. '..•.-'.% ,..".".-. . ..
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z=m (a)

Figure . Honeycomb pressure sensor extrded with
tetragonal 4/mmm symmetry, transversely poled to give.

orthorhomnbic mm2 symmetry. (b) ~jm 0( )( ) ()

-/mm. Conical symmetry (- m) is achieved when the
molecules are parallel and polar. And if the liquid crystal
molecules have handedness or are stacked helically, as incholesteric liquids, the symmetry group is - 2. Group %M A2

/m occurs in the unlikely circumstance that right- and Fn 2
left-handed molecules align with opposite polarity.

Certain ferroelectric crystals, such as Pb5Ge3O1 i, exhibit
S ambidextrous behavior. Right- and left-handed

ferroelectric crystals, however, are in the polar point group
,, the lowest-symmetry Curie group.

Mixed liquids can lead to some interesting symmetry
changes. Mixing an enantiomorphic liquid (- -) with a
nematic liquid crystal (-s/mm) creates a "mixed drink" Figure 7. The seven limiting symmetry groups with Infinite-
with symmetry c 2, in accordance with the principle of fold axes, catted Curte groups. These apply to aggregates
symmetry superposition. rather than to single crystals. (a) Water and benzene have

Physical forces or fields can be assigned to certain spherical symmetry, - - m. Spheres contain an Infinite
symmetry groups. Consider a temperature gradient number of Infinite-fold axes and mirror planes.symtr grs. Cn a tectorthat bempsera g ie (b) Cylindrical symmetry, -/m m, provides one axis with
dT/dx. This is a vector that can be imposed on a composite Infinite-fold symmetry and a mirror plane parallel to the
material during processing, and if the material has a axis. Polymers often have cylindrical symmetry created by"memory," the vector nature of the temperature gradient extruding them through dies or by pulling them lengthwise.
will be retained after the gradient is removed. (c) The mirror planes of spheres are lost when the liquid Is

Polar glass-ceramic materials illustrate this principle right- or left-handed, as when sucrose Is dissolved In water.
(7). A glass is crystallized under a strong temperature The point group Is . The remaining groups (unlabeled)
gradient, and polar crystals grow like icicles inward from have dlrectionailty, as do collections of dipoles.
the surface. Certain glass-ceramic systems, such as
Ba2TiSi.O 3 and LiSiO, show sizable pyroelectric and
piezoelectric effects when prepared in this manner. They
belong to Curie point group - m, the group of a polar
vector. As the glass crystallizes in a temperature gradient,
its symmetry changes from spherical (® ® m) to conical
( in), the same as that of a poled ferroelectric ceramic.

Magnetic Curie groups
. ,. Other physical forces can be classified into Curie group ,'-

symmetries. To describe magnetic fields and their i i -
zv- properties it is necessary to introduce the so-called black- j,7"_

and-white Curie groups illustrated in Figure 8. Magnetic
fields are represented by axial vectors with symmetry V/ ,
mm'. The symbol m' indicates that the mirror planes that,, I L-,. .. ... L - -_ . . . . . . L ------ .

* are parallel to the magnetic field are accompanied by time
.reversal (essentially a reversal of the magnetic field to Figure 5. Magnetism can be classified Into Curie groups but

maintain symmetry). The symbol V is added to the Curie because every magnetic field has a direction, onem t s e . s l'symmetry operation that appears Is time reversalgroup symbols to indicate that in normal Curie groups all (essentially an Imaginary flopping of the magnetic field),
symmetry elements occur twice-once with and once indicated by m'. Normal Curie groups (sold boxes) contain

% without time reversal symmetry elements both with and without time reversal.
Polar vectors, such as temperature gradient or electric Magnetic derivatives are dotted boxes; m' Indicates that

field, belong to Curie group ml'. Tensile stress, which the mirror operation Is accompanied by time reversal.

-. . ..



. More than two Oa"
Connectivity patterns for more than two phases are
similar to the diphasic patterns but are more numerous.
There are 20 three-phase patterns and 35 tour-phase
patterns, but only 10 two-phase patterns (Figure 10). For
n phases the number of connectivity patterns is (n + 3)!/
3!rn. Triphasic connectivity patterns are important when
electrode patterns are incorporated into disphasic

* .~.*ceramic structures.

depends on two forces operating in equal and opposite connectivities (8), as shown in Figure 10: 0-0, 1-0, 2-0, 3-
directions, is represented by a second-rank tensor that 0, 1-1, 2-1, 3-1, 2-2, 2-3. and 3-3. A 2-1 connectivity
belongs to cylindrical group -o/mml'. pattern, for example, has one phase that is two-

The symmetry superposition principle applies to the dimensionally self-connected, whereas the second phase is
point groups in Figure 8. In the inagnetoelectric in the form of chains or fibers. Connectivity patterns
composites made from ferroelectric and ferromagnetic generally are not unique. In the case of a 2-1 pattern, the
phases, the symmetry of the poling fields is retained. If the fibers of the second phase might be perpendicular to the
electric and magnetic poling fields are applied in the same layers of the first, or they might be parallel.
direction, the symmetry of the composite is - m'. When The past few years have seen development of processing

the poling fields are perpendicular to one another, the techniques for making ceramic composites with different
•. symmetry is 2'me'. connectivities (9). Extrusion, tape-casting, and replamine

, To summarize, some composites belong, to (lost-wax process) methods have been especially successful.
:" crystallographic point groups (cross-ply laminates to 42m), The 3-1 connectivity pattern in Figure 10 is ideally suited
... some belong to limiting groups (polar glass-ceramics to to extrusion processing. A ceramic slip extruded through a

W m), and some belong to black-and-white limiting groups die gives a three-dimensional, connected pattern with one-
:-. - (magnetoelectric composites to - m'). Composites that dimensional holes, which can later be filled with a second
:::_ contain more than two phases can be described by color phase (Figure 6).
.- :-. group symmetry. Another variety of connectivity suited to processing is
" '" The magnetoelectric composite is an excellent the 2-2 pattern of alternating layers of the two phases.

".:i::: illustration of the importance of symmetry in composite Tape casting multilayer capacitors that have alternating or
" * materials. Figure 9 shows the change in symmetry going interleaved layers of metal and ceramic is one way to
S from single domain-single Crystals of -CoFe204 and produce 2-2 connectivity. In this arrangement, both

-:.:.:. BaTiO3 through multidomain and polycrystalline states-
:.-.'. to a polycrystalline composite that has been poled and
""" magnetized in parallel electric Or magnetic fields. In

combnin ao.ntzdcrmi uha oe0 CoFe204 BsTI03
".- cobinng manetzedcermicsuc asCo~204Single crystal Single crystal

""" (symmetry group -=/mm') with a poled ferroelectric Single domain Single domain
ceramic such as BaTiO3 (symmetry group - ml'), the 4 ,14 mmr'

. '; symmetry of the composite is obtained by retaining the m
" '"- symmetry elements common to both groups: - m'.
i.., An interesting feature of symmetry is its effect on
.., physical properties. According to Neumann's law, the CoFe2O4 BaTIO3

Single crystal Single crystal..# symmetry of a physical property of a material must Multldomaln Multidomaln
•include the symmetry elements of the point group. The m3ml' m3ml"

/..,: separate symmetries of a magnetized ceramic and a poled
.,', ferroelectric forbid the occurrence of magnetoelectricity,

".':. but their combined symmetry (- m') allows it. By
r,-._ incorporating materials of suitable symmetry in a UnmegntOze Unpole

b:. composite, new and interesting product properties can be Ceramic Ceramic
expected to occur. xl -xl

Connectivity is an important feature in property CoFe9O,, BT1O,
,.-. development in multiphase solids because physical Magetizecoe

".r. properties can change by many orders of magnitude !i Cermi
=" depending on the manner in which connections are made

(8). For instance, if an electric wire's metallic conductor
and rubber insulation were connected in series rather than
in parallel, its resistance would be far higher. Magneolectric

CoFeaO -BaTlO3Each phase in a composite can be connected to material XmI
in the same phase in zero, one, two, or three dimensions. It
is natural to confine attention to three perpendicular axes Figure 9. Symmetry derivation for a polycrystalline BaTIO -
because all property tensors are referred to such systems. If CoF*2O4 magnetoelectrlc composite, poled and magnetized
we limit discussion to diphasic composites, there are 10 In parallel electric and magnetic fields

;/jQ; JlJ~ ~ .n R 2 AN ARY 1987

le .

S.'-



Y.

0 0-1 1-1

A composite of interest here is made from a ferroelectric
- ceramic (phase 1) in parallel with a compliant polymer

0-2 21 2-2(phase 2).
2-222-1If 90% of the composite volume is polymer, then the

volume fraction of the ferroceramic is 0.1, and the
piezoelectric voltage coefficient is 10 times larger than the
voltage coefficient of the ceramic alone. Excellent designs
for hydrophones-instruments that direct and register the
distance and direction of sound in water-are obtained in
this way (9).

0-3 1-3 The advantages of internal stress transfer also can be
used in pyroelectric coefficients. If the two phases have
different thermal expansion coefficients, there is a stress
transfer between the phases, which generates the electric
polarization through the piezoelectric effect. In this way it

* is possible to make a composite pyroelectric in which
neither phase is pyroelectric (8).

2-3 3-3 (two views) Electric field concentration
Figure 10. Ten connectivity patterns used to describe the The multilayer design used for ceramic capacitors is
tonsor propertles of diphasic composlts effective for concentrating electric fields. By interleaving

metal electrodes and ceramic dielectrics, relatively modest
phases are self-connected in the lateral x and y directions, voltages can produce highly electric fields.
but they are not connected to the layer along z. Multilayer piezoelectric transducers are made in the

In 3-2 connectivity, one phase is connected in three same way that multilayer capacitors are (11). Oxide
dimensions, the other is connected in two. This pattern can powder is mixed with an organic binder and tape cast by
be considered a modified multilayer pattern with 2-2 spreading it with a blade on a surface. After the material
connectivity. If holes are left in the layers of one phase, the dries, the tape is stripped from the substrate and electrodes
layers of the second phase can connect through these holes are applied with a screen printer and electrode ink. The
to give three-dimensional connectivity, pieces of tape are then stacked, pressed, and fired to

The most complicated and perhaps the most interesting produce a ceramic that has internal electrodes. After leads
pattern is 3-3 connectivity in which the two phases form are attached, the multilayer transducer is packaged and
interpenetrating, three-dimensional networks. These poled.
patterns often occur in living systems, such as coral, in When compared with a simple piezoelectric transducer,
which organic tissue and an inorganic skeleton penetrate the multilayer transducer offers a number of advantages:
one another. These structures, as well as the connectivity e The internal electrodes make it possible to generate
patterns found in foam, wood, and other porous materials, larger fields for smaller voltages, eliminating the need
can be replicated in other materials using the replamine for transformers for high-power transmitters. A 10-V
process (10). difference across a tape-cast layer 100 ism thick

produces an electric field of 10 V/m, not far from the
Stress concentration depoling field of PZT

* The importance of stress concentration in composite * The inherent higher capacitance of multilayer design
materials is well known from structural studies, but its also may help in impedance matching.
relevance to electroceramics is not so obvious. Stress e Many electrode designs can be used to shape poling
concentration is important to many piezoelectric patterns, which in turn control the mode of vibration
composites made from polymers and ferroelectric and ultrasonic beam patterns.
ceramics (9). By focusing the stress on the piezoelectric e Additional design flexibility is possible by interleaving

0 phase, some of the piezoelectric coefficients can be layers of different composition. Ferroelectric and
enhanced while others are reduced (8). antiferroelectric layers can be alternated, thereby

N" As an example, consider a piezoelectric composite in increasing the depoling field.
which both the tensile stress and the resulting electric field 9 Grain-oriented piezoelectric ceramics also can be tape
are parallel to the poling direction. If the two phases of the cast into multilayer transducers. This enhances
composite are arranged in parallel, the stress acting on the piezoelectric properties by aligning the crystallites
more compliant phase will be transferred to the stiffer one. parallel to internal electrodes (12).
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0.04
Electrostrictlve
0.9 PMN-0. I PT

:0.02Walk-off

0 Arrangement of thin dielectric layers in a multilayer
transducer provides improved strength against electric
breakdown. Gerson and Marshal measured the
breakdown strength of PZT as a function of specimen
thickness (13). The d.c. breakdown field for 1-cm-thick PZT

, ceramics was less then half that of 1-mm-thick samples Pzoelectrlc

It is likely that this extends to even thinner specimens 0
and leads to improved poling and more flexible o0 10 20
transducers.
Perhaps an even more important factor is the Electric field (k/cm)

enhancement of electrostrictive efforts. Electrostriction is
a second-order electromechanical coupling of strain and Figure 11. Comparison of electrostrlctlve and piezoelectric
eiectronic field. For small fields, electrostrictive strains are micropositioners. PMN Is lead magnesium niobate, PT Is
small compared with piezoelectric strain, but this is not lead titanate, and PZT Is lead zirconium titanate. Although It
true for the high fields generated in multilayer does not show a linear response to an electric field, a

* transducers. PMN-PT mixture generates more strain than does PZT. PZT
Multilayer electrostrictive transducers made from also shows a shift In its strain response when the electric

ferroelectrics, such as lead magnesium niobate (PMN) field strength returns to zero.
(14), can generate strains larger than those of PZT (Figure
11). Moreover, poling is not required, and there are no nA (without margins) and the thickness is t/n (neglecting
aging effects. The concentration of electric fields makes the electrode thickness). The resistance of the multilayer
nonlinear effects increasingly important. device is

M aeRM - p(t/n)/nA = R,/n2Multflayer thermistoms

For many applications it is desirable to lower room The resistivity of the thermistor is lowered by a factor of
temperature resistance because thermistor elements often l/n 2 with n - 1 internal electrodes.
are connected in series with the circuit elements they are We have demonstrated the feasibility of this idea with a
designed to protect. It is possible to lower the resistivity of multilayer device that contains four tape-cast layers. As

% the composite by altering the components, but the predicted, the resistance of the multilayer specimen is
resistivity cannot be lowered indefinitely without about n2 ( 16) times smaller, with very little change in the

S.. degrading the effect of a thermistor when its resistance is temperature characteristic.
increased suddenly at high temperatures; that is, when it
has a positive temperature coefficient (PTC). Summary

Placing internal electrodes in a thermistor reduces the We've reviewed some of the basic ideas underlying
* resistance per unit volume without affecting temperature composite electroceramics.
,. characteristics. Thermistor devices are being fabricated as Sum properties involve the averaging of similar

ceramic disks or as composite wafers. We recently properties in the component phases, with the composite
developed a way to make multilayer BaTiO3 PTC values that lie between those for series and parallel mode!s.
thermistors with greatly lowered room temperature A simple sum property is the dielectric constant: The

0, resistance (15). BaTiO3 powder doped with rare-earth ions constant of the composite lies between those of the
* is mixed with an organic binder and tape cast on glass individual phases. This is not true for combination

slides. Electrodes are then screen-printed on the tapes, properties based on two or more properties. Acoustic
which are stacked, pressed, and fired. The internal velocity depends on stiffness and density, and because the
electrode configuration is similar to that of a multilayer mixing rules for these two properties are often different,
capacitor. the acoustic velocity of a composite can be smaller than

e" The basic idea involves comparison of a single-layer disk those of its constituent phases.
- thermistor with a multilayer thermistor of the same Product properties are even more complex than sum

* external dimensions. The multilayer device is assumed to properties are because three properties are involved
have n ceramic layers and n + 1 electrodes. A represents Different properties in the constituent combine to yield a
the area of the single-layer thermistor, t is its thickness, and third property in the composite. In a magnetoelectric
p is the resistivity. The resistance of the disk thermistor is composite, the piezoelectric effect in BaTiO5 acts on the

pt/A magnetostrictive effect of cobalt ferrite to produce a
composite magnetoelectric effect.

* For the multilayer thermistor, the area of the electrodes is Connectivity patterns are an important feature of
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0% composite electroceramics. The self-connectivity of the NTC-PTC composites made from V20 3 powder and
phases determines whether series or parallel models apply embedded in polyethylene combine matrix and filler
and thereby minimizes or maximizes the properties of the materials with complementary properties. At low

* composite. The three-dimensional nature of *;the temperatures the V20 3 particles are in a semiconducting
connectivity patterns makes it possible to minimize sbme state and in intimate contact with one another. On passing
tensor components while maximizing others. through a sem icond uctor- metal transition, the electrical

Concentrated field and force patterns are possible conductivity increases by five orders of magnitude.
with carefully selected connectivities. Using internal Further heating rapidly expands the polymer, which pulls
electrodes, electrostrictive ceramics can produce strains the V20 3 particles apart. As a consequence, the electrical
comparable with those of the best piezoelectric materials, conductivity decreases by eight orders of magnitude. In

* Stress concentration is achieved by combining stiff and addition to this "window material" with a controlled
compliant phases in parallel. Several hydrophone designs conductivity range, several other composites are subject to
are based on this principle, coupled-phase transformation.

Periodicity and scale are important factors when Porosity and inner surfaces play special roles in many
composites are to be used at the high frequencies that electroceramic composites used as sensors. Humidity

-' produce resonance and interference. When wavelengths sensors made from A1 203 and LiF have high inner surface
are on the same scale as the component dimension, the area because of thermally induced fractures. The high

* composite no longer behaves as a uniform solid. The surface area and hygroscopic nature of the salt result in the
colorful interference phenomena observed in opal and excellent moisture sensitivity of the electrical resistance.
feldspar minerals are interesting examples of natural Chemical sensors based on similar principles can be
composites. Acoustic analogues occur in the PZT-polymer constructed in the same way.
composites that are used as biomedical transducers.

Symmetry governs the physicalI properties of composites Ref erences
just as it does in single crystals. The Curie principle of (1) Nye, I. F Physical Properties of Crystals; Oxford University:

Oxford. England, 1957.symmetry superposition and Neumann's law can be (2) Shubnikov. A. V.; Koptsik, V. A. Symmetry in Science and Art;
generalized to cover fine scale composites, thereby Plenum: New York, 1974.

elucdatng he atue o thir ensr popetie. A inthe (3) Cebhardt. J. J. ACS Symposium Series 21; American Chemical
elucdatng te ntur of hei tesor roprtis. A intheSociety: Washington. D.C., 1976. aw976, p. 212.

case of magnetoelectric composites, sometimes a (4) Lachman, 1. M.; Bagley, R. D.: Lewis, R. M. Bull. Am. Ceram. Soc.
composite belongs to a symmetry group that is lower than 1981, 60. 202.

(5) Shrout, T. R., et al. S'later. Res. Bull. 1980, 15. 1371.
any of its constituent phases. Unexpected product (6) Safari, A.; Hallival, A.; Newnham, R. E.; Lachman, I. M. Slater.
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(Pb, Bi)(Ti, Fe, Mn)0 3/POLYMER 0-3 COMPOSITES
FOR HYDROPHONE APPLICATIONS
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MOFFATT

Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802

(Received 3 July 1986)

The hydrostatic piezoelectric response of composite materials incorporating (Pb_,Bi,)(Tij_,Fe,)03
ceramic fillers from the highly anisotropic tetragonal region of the solid solution system in the vicinity
of the morphotropic phase boundary were measured and compared. The considerable difficulty in
poling and, hence, the diminished piezoelectric response encountered as the composition of the filler
is shifted closer to the phase boundary was determined to be largely due to the high conductivity of

.-. ' the BiFeO,-rich compositions. The ceramuc was modified with Mn in an attempt to lower its
conductivity. Composites incorporating the Mn-doped filler poled more rapidly and easily than the

* undoped material and ultimately achieved a hydrostatic figure of merit, dg, 40% better than that
observed for the undoped samples. Among the samples investigated, the highest hydrostatic figures of
merit were exhibited by samples containing the doped and undoped x = 0.5 fillers. The hydrostatic
response remains stable over a broad pressure range.

INTRODUCTION

The development of new polymeric materials, that has occurred in the past few
decades, has spurred a growing interest in composite material design for the
optimization of a variety of physical properties. Among the composite materials
most actively investigated at present are those classified as electronic composites.
Multilayer dielectric materials and piezoelectric ceramic/polymer composites are
of particular importance as technological and industrial advances demand more
versatile and responsive sensors and actuators.

This investigation deals primarily with 0-3 piezoceramic/polymer designs or
materials which consist of a three-dimensionally connected polymer matrix within
which the ceramic phase is dispersed as discrete particles. Piezoceramic/polymer

* composite materials have been found to exhibit piezoelectric properties superior
to those exhibited by homogeneous piezoelectric materials.' The piezoceramic
and polymer components of the composite materials may be arranged in a variety

of configurations thereby optimizing overall piezoelectric performance. 4 In
addition, certain features such as elastic compliance and low density make these
materials attractive candidates for versatile pressure sensitive devices. 0-3

* materials are among the simplest of all the composite designs where the ceramic
component is embedded in a polymer matrix as a particulate suspension.
Although less responsive overall than its more elaborately configured relatives,
this material has certain distinctly advantageous features.

Perhaps one of the most attractive features of the 0-3 design is its versatility in
assuming a variety of forms including thin sheets, extruded bars and fibers, and
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certain molded shapes. This investigation explores the preparation and hydros-
tatic piezoelectric performance of the material in the form of sheets prepared by a
conventional polynmer compounding and forming technique incorporating un-
doped and Mn-doped fillers from the highly anisotropic phase boundary
compositions of the PbTiO 3-BiFeO 3 solid solution system. The flexible nature of

'the sheet design makes it a viable candidate for a variety of applications.
Piezoelectric sheets are suitable materials for pressure sensitive devices which

. require a material that is able to conform to the contours of various surfaces.
Such devices as pressure sensitive keyboards, transducing gloves and blood
pressure gauges are a few products currently produced from piezoelectric sheet
composites. 5.6

HYDROPHONE MATERIALS: AN OVERVIEW

A number of poled ceramic materials, such as Pb(Zr, Ti)0 3, (PZT), and certain
piezoelectric polymers, such as polyvinylidenefluoride, (PVDF), 8 exhibit a
piezoelectric response when subjected to a hydrostatic pressure. Such materials
are well-suited for transducer applications, in particular for those devices
employed as underwater pressure sensors, hydrophones. Three of the most
important properties required of a good transducer are: (1) voltage sensitivity or
the material's ability to convert the applied pressure to an electrical signal, (2)
low density to enable adequate impedance coupling between the device and the
transmitting medium and (3) compliance for enhanced durability and confor-
mability, and reduced "ringing" or echo effects within the device. The conven-
tional figure of merit focuses on the sensitivity of the material and is expressed in
terms of the hydrostatic piezoelectric strain coefficient, d,, the hydrostatic
piezoelectric voltage coefficient, g,0 and the dielectric constant, K 33 , as

dh8, = (d 33 + 243 1)
2/eoK 33

where E0 is the permittivity of free space. The leading piezoelectric ceramic
% material, PZT, exhibits only a modest hydrostatic response due to a relatively

large negative d3l coefficient (-175 pC/N) with respect to its d33 coefficient
(400 pC/N). The hydrostatic performance of the leading piezoelectric polymer,
PVDF, is also limited by a similar inhibition of d, and a relatively low melting

temperature.
Piezoceramic/polymer composites are a class of materials that effectively

overcome these limitations and hence are found to be more responsive and
versatile transducer devices." The composite constituents provide complemen-
tary properties which, when combined, produce a superior hydrostatic piezoel-
ectric material. The polymer phase lowers the density of the material providing
better acoustic coupling to water than that obtained for a high density
homogeneous ceramic. The low dielectric constant of the polymer phase
effectively increases the g coefficient and the figure of merit. Finally, the
piezoelectric properties of the ceramic are easily adjusted within the composite
whose constituent phases may be suitably arranged to effectively distribute the

4applied stress in a manner that encourages the maximum piezoelectric response.
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FIGURE 1 PbTiO 3-BiFCO 3 structural phase diagram.' 0

* THE PbTiO 3-BiFeO 3 SYSTEM

The (Pb,-,Bi,)(Til,Fe,)O3 solid solution system is of particular interest for its
promising piezoelectric properties. The system possesses a morphotropic phase
boundary (0.7 <x < 0.8) between a tetragonal (0.0:5 x -0.7) and rhombohedral
(0.85x s 1.0) modification of the perovskite structure (Figure 1) very much
analogous to that observed for PbTiO 3-PbZrO 3 .9-'0 The PbTiO 3-BiFeO 3 system
is distinctive, however, for the extremely large structural anisotropy attained for
compositions in the tetragonal region.'° This considerable distortion gives rise to
a potential for highly anisotropic piezoelectrics from the composition range near
or on the morphotropic phase boundary. Unfortunately, as is the case for
PbTiO 3, it is this very feature which, on the one hand, makes possible an
outstanding piezoelectric response, also deters the production of strong, dense
ceramics. Samples prepared in the tetragonal range generally fracture upon
cooling through the transition temperature, Tc, with the degree of specimen
disruption increasing as the composition approaches the phase boundary.

The variation of the lattice parameters with compopsition is shown in Figure
2a. The tetragonal lattice parameters c and a are found to vary quite considerably
as the composition approaches the phase boundary. The magnitude of c increases
dramatically from 4.40 A for x = 0.5 to 4.53 A at x -0.7 while a decreases in a
more gradual manner from 3.85 A for x =0.5 to 3.81 A at the phase boundary.
The c/a ratio is exceptionally high for all the compositions recorded attaining a
maximum value of 1.19 at the morphotropic phase boundary (Figure 2b). This
represents a strain of nearly 20% in materials prepared from this portion of the
solid solution system where ceramic samples are rarely strong and generally
fracture upon cooling through the transition temperature.

All modifications of the solid solution are ferroelectric. No reports appear in
the literature, however, regarding the observation of a hysteresis loop for any
composition, presumably because of a high coercive field and the low resistivity of
the material. The variation of ferroelectric Curie point with composition as

%.%. %. """A.I
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- _FIGURE 2 (a) Variation of the lattice parameters with composition, (b) variation of tetragonal c/a
and volume with composition,'°

,N. depicted in Figure 1 is seen to increase in a nearly linear fashion from 4900C for
"<1 PbTiO 3 to 850"C for BiFeO 3.

The Curie point dielectric constant is depicted in Figure 3a as a function of
composition measured at 25°C and a frequency of 530 MHz. Its value is observed
to decrease with increasing BiFeO 3 content." The dissipation factor is plotted as
a function of temperature for selected compositions in Figure 3b. The losses

-" generally increase with increasing BiFeO3 content and are likely due to to a
substantial n-type conductivity associated with the ferrite." A complex variation
of conductivity with composition has been reported and has been attributed to the
relative contributions of several possible conductivity mechanisms operating

* across the composition range.° The greatest contributors to the conductivity for
compositions with a high BiFeO3-content are likely to be the Fe 2

, ions present
with the Fe3  ions on the B-sites of the perovskite lattice which are oxidized via
the reaction Fe 2 -. Fe 3 + e thereby liberating electrons to the system.'t - 4

Where PbTiO3 and BiFeQ 3 are both semiconductors it can be assumed that the
high losses at elevated temperatures are primarily conductive."

.. OBJECTIVES OF THE INVESTIGATION

The prime objective of this investigation was to produce easily fabricated, thin,
responsive piezoelectric sheets for hydrophone applications. The

0. . .
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FIGURE 3 (a) Curie point dielectric constant as a function of composition (25°C. 530 MHz), (b)
dissipation factor as a function of temperature (530 MHz).II

(Pb, Bi)(Fe, Ti)O 3/polymer 0-3 composites satisfy all the desired requirements of

a good hydrophone material. The high anisotropy of

(Pb, 1 Bi,)(Til,(Fe, Mn),)O 3 compositions in the range x =0.5-0.7 permits
considerable hydrostatic sensitivity. 0-3 composites incorporating this filler are,
therefore, more responsive than 0-3 designs currently produced containing

PbTiO 3 or PZT. In addition, very thin sheets of the material may be produced
due to the fine particle sizes obtained by quenching the filler powders. The high
strain present in ceramics prepared in the x = 0.5-0.7 composition range allows
for the production of fine particles on quenching with minimal damage to
individual crystallites. Sheets made with single crystallites created in this way are
found to more easily poled and to have an enhanced piezoelectric response over
composites made with fine particles produced by grinding.

Little has been reported in the literature regarding the piezoelectric properties
of materials produced from the PbTiO 3-BiFeO 3 system. Most studies on the
system have been conducted mainly to better determine the nature of BiFeO 3
which is difficult to characterize alone. Further, any investigation of the
piezoelectric character is restricted by the brittle nature and high conductivity of
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the material, especially in the prime area of interest near the morphotropic phase
boundary. The aim of this investigation was to examine the hydrostatic
piezoelectric nature of the binary system as the filler component of a 0-3
composite. The one problem of brittle fracture is resolved and, in fact, exploited
in this way. The difficulties related to the high conductivity are alleviated by
modifying the filler compositions with small concentrations of a Mn-dopant. It has
already been pointed out that the greatest contributors to the conductivity for
composition with x greater than 0.5 are most likely to be the Fe2  ions present
with the Fe3 ions on the B-sites of the perovskite lattice which are oxidized via
the reaction Fe2 . 

-
- Fe3  + e- thereby liberating electrons to the system. The Mn

dopant is added in an attempt to counter this electron liberating oxidation by
oxidizing the ferrous ions via the reaction: Mn 3  + Fe 2 --* Fe 3 + Mn 2' thereby
lowering the conductivity of the ceramic. The hydrostatic piezoelectric perfor-
mance of composite samples incorporating both the undoped and Mn-doped filler
are examined and compared.

PREPARATION OF THE CERAMIC

The (Pb._,Bi,)(Tii_,(Fe,_,Mn,),)O 3 powders were prepared by a conventional
double-firing process. Green mixtures were batched with compositions in the
range x = 0.5-0.7 and y = 0.0 and 0.02 from the oxides PbO, TiO 2, Bi 20 3, Fe 20 3,
and MnO 2. The green powders were contained in covered alumina crucibles and
subjected to a primary low-temperature firing in air at 800'C for 1.5 hours. The
calcined powders were loosely compacted, placed in covered alumina crucibles
and subjected to a second firing at 1000°C for 1.5 hours. The pellets were

'1$' quenched to room temperature directly following the soak period. The quenched
samples generally fractured completely upon quenching and required only the
slightest grinding with mortar and pestle to break up agglomerates.

The intergranular nature of the fracture and particle morphology are apparent
in scanning electron micrographs of powders representing any of the tetragonal
compositions investigated. Disruption of the microstructure is observed to occur
entirely at the grain boundaries. No fractured particles are observed. Particles
produced for all tetragonal compositions are generally discrete, approximately
spherical crystallites.

• The particle size distribution curves for samples prepared from each composi-
tion were determined by means of a Sedigraph 5000D Particle Size Analyser
(Figure 4). Samples prepared closer to the phase boundary produced the
narrowest distributions with the smallest mean particle size reflecting a more
thorough disruption of the microstructure as the strain in the system increases.
The mean particle size range is 5-10/pm for compositions x = 0.5-0.7 where the

* finest particles are produced for powders with composition x = 0.7.

-..

PREPARATION OF THE COMPOSITE

',,. Composite samples were prepared containing 50-60 volume percent
_ (Pb, Bi)(Ti, Fe)O, filler and 40-50 volume percent polymer from the epoxy-based
:.1?
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FIGURE 4 Sedigraph panicifie size distribution curves for selected tetragonal compositions. (All
samples fired and quenched at I000C with a soak period of 1.5 hours-a) x = 0.5, (b) x = 0.6, (c)
S- 0.65, (d) z = 0.7).

Eccogel series (Eccogel-Series 1365 # 25-Emerson and Cuming, Dewey and
Almy, Chemical Division, Canton, Ma.). The filler was initially blended with the
liquid components of the Eccogel system and compounded by a high-shear
hand-mixing technique. The mixture was then formed into a sheet by hot-rolling
at a temperature in the range 40-60°C. The formed sheets were initially cured
under a low pressure applied by means of a hydraulic press at 90'C for 2.0 hrs and
then post-cured for an additional 3.0-4.0 hours at 70*C.

The cured composite sheets were polished with a fine silicon carbide emery
paper to smooth out rough or pitted areas on the surfaces. The sheet was then cut
into rectangular sections measuring approximately 0.5-1.0cm 2. The sheet was
sectioned in this manner to better evaluate homogeneity. In addition, poling of
the material was more easily accomplished on small, thin sections than on larger
sheets. The rectangular sections were subsequently polished to a uniform

thickness of approximately 0.2-0.5 mm and dried in a 70*C furnace for 2.0-3.0
hours. The polished sections were electroded with an air-dry silver paint for
poling and for dielectric and piezoelectric testing.

PIEZOELECTRIC AND DIELECTRIC MEASUREMENT

Two series of samples were prepared for dielectric and piezoelectric testing. The
samples constituting these series are listed in Table I. The series were selected to
investigate both the effects of filler composition and Mn doping of the filler on the
degree of poling achieved and, hence, on the hydrostatic piezoelectric response.
The first series was examined in order to monitor the change in piezoelectric
response with increasing BiFeO 3-content for tetragonal compositions in the
vicinity of the morphotropic phase boundary. The samples constituting the second
series were prepared incorporating both undoped and Mn-doped
(Pbo 5Bio 5)(Ti() 5Fe0 5)03 fillers. Mn ions substituted for 2% of the Fe'* ions in

VN
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TABLE I
Poling fields, poling periods, and d33 coefficients for Series I

and i samples

Practical E Period d33
X y (KV/cm) (main.) (pc/N)

Series 1
501 0.50 0.00 110 30 45
651 0.65 0.00 100 15 23
701 0.70 0.00 100 10 16

Series 1!
501 0.50 0.00 110 30 45
501M 0.50 0.02 100 15 55

the doped samples. The purpose of 'his second series was to investigate the
effects of Mn-doping on the polarization and ultimate piezoelectric performance
of composites incorporating this filler. Investigation of the dielectric and
piezoelectric properties included: (a) determination of the optimum poling
conditions for each sample, (b) determination of the nature and degree of poling
achieved as evidenced by the magnitude of the longitudinal strain coefficient, d33,
and the inversion of the 0Ol/hOO x-ray diffraction peaks of the filler, (c)
measurement of low frequency (KHz) dielectric constant and dissipation factor,
both before and after poling, and, finally, (d) measurement of the hydrostatic
piezoelectric coefficients, d and g.

Poling the Composites

The optimum poling temperature, poling field, and time are determined primarily
by the relative dielectric constants and conductivities of the composite com-
ponents, the polymer melting temperature, and the composite integrity. The
relative dielectric constants and conductivities of the two components, in
particular, affect, to a considerable extent, the degree of poling achieved.3

The electric field acting on the piezoelectric element within an insulating 0-3
composite will be similar to the applied field only if the dielectric constants of the
components are nearly equivalent. This is generally not the case, however, for
ceramic/polymer systems where the difference in dielectric constant may be one
or two orders of magnitude. The local field acting on the ceramic particles,
therefore, will only be about 5% of the applied field strength.

The relationship between the electric fields acting upon each component and
their respective conductivities, where the dc poling field is applied for a period
longer than the relaxation time, is defined by the Maxwell-Wagner model"5 as

E I/E.2) = 0(2)/0) = P<,/P

where the subscripts 1 and 2 refer to the ceramic and polymer phases
respectively. The magnitude of the electric field acting on the ceramic, E,,,, is
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~optimized, therefore, by allowing for the highest possible conductivity ratio. In

. most cases, where the conductivity of the ceramic is particularly high, only a very
" small fraction of the poling field will act on the piezoelectric filler.- -'The considerable differences in dielectric constant and conductivity between

,, the two components of the composite system establishes the need for a poling
i field of at least 75 KV/cm to produce any significant polarization of the material.
, The relatively low melting temperature of the Eccogei matrix sets the upper limit
~for the poling temperature. The optimum poling temperature of 75"C was
, established on the basis of a general survey made for representative samples

4,. selected from the two series and applied for the poling of all the samples
'"investigated.

l Optimum poling fields and times were similarly determined by systematically
varying the parameters and monitoring the degree of poling achieved and the

,,-.incidence of breakdown. The results of this study are presented in Table I. The
,"-" practical poling field established represents that field strength at which the highest

'-.".degree of poling is achieved with minimum breakdown. The poling time

in.,..-

-. ,-,corresponds to that period required to achieve maximum poling under the
• . .stinfluence of the practical field. Ile magnitudes of the longitudinal strain
r coefficient, d33, exhibited by samples poled under these conditions are listed for
- ,, each specimen as an indicator of the degree of poling attained. The d33 value
ff, recorded is an average of those sections from the original composite sheet that

r achieved a maximum degree of poling with a deviation ±5 pC/N. d33 measure-
. ments were made on a Berlincourt d33 meter (Model CPDT 3300-Chanel

, Products, Inc., Ohio).
Series I samples were found to be increasingly resistant to poling as the filler

composition approached the morphotropic phase boundary. The maximum
degree of poling as indicated by the longitudinal strain coefficient, d33, was
consequently observed to decrease significantly as the composition became
increasingly rich in BiFeO3. Mn-doping of the filler was found to significantly
enhance the poling of the 501 composite material as indicated by the d33
coefficients recorded for Series 11 samples in Table 1. Samples doped with 2 mol%

" Mn were observed to achieve maximum poling in half the time required to pole
',.'an undoped sample at similar field strengths.

,,. .. The intensity ratios of the 0011h00 x-ray diffraction peaks from samples
• . ,-.'constituting Series 11 were monitored both before and after poling in order to

detect the possible contribution of 90* domain reorientation or the rotation of
]ii single domain crystallites to the ultimate degree of poling attained for the

composite. The 001/hO0 peaks for both poled and unpoled samples from this
i!!! i series are depicted in Figures 5a and 5b. Both the 501 and 501M samples exhibited

" similar inversions after poling with about a 10% increase in the intensity of the
-_'...'001 peaks. Unlike the rigid environment of a solid ceramic or a stiffer polymer
• matrix, the compliant Eccogel Polymer used for this composite system is
rr - r ' ' i apparently better able to accommodate the distortion of the ceramic particles that

" accompanies 90* domain wall motion or the rotation of single domain crystallites.
. The 10% inversion indicates that complete poling has not been fully realized and,

ihence, that optimum poling of the (Pb, Bi)(Ti, Fe)O3/polymer system is likely to

be significantly greater than what has been observed in this investigation.
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FIGURE 5 OOI1hO0 x-ray diffraction peaks (a) Sample .501 (b) Sample .50M.

Dielectric Data

Dielectric constant and dissipation factor were recorded for each sample both

before and after poling. The dielectric constant was calculated in terms of the

.sample 
dimensions and capacitance. Capacitance and dissipation measurements

were made at KHz on a Hewlett-Packard 4270A automatic capacitance bridge.

The data appear in Table 11. The values represent an average of measurements

made for several specimens taken from a particular composite sheet with a
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TABLE II

Dielectric and piezoelectric data for Series I and Series II composite samples

K D d, gA d,8g
Before After Before After (pC/W) (mVm/N) (fm2/N)

Series I
501 45 40 0.13 0.09 25 65 1625
651 55 50 0.17 0.10 15 30 450
701 45 45 0.12 0.08 5 15 75

Series 1I
501 45 40 0.13 0.09 25 65 1625
501M 45 40 0.12 0.05 30 90 2700

deviation of ±5 and ±0.01 for dielectric constant and dissipation factor
respectively.

The dielectric constant and dissipation factor for each sample both before and
after poling were found to be similar in magnitude. The dielectric constant was
observed to decrease somewhat for those samples that were sufficiently poled.
This reflects the reorientation of the K 33 within the piezoelectric filler where the
alignment in the poling direction will be manifested by a decrease in the dielectric
constant of the composite. Dissipation factors were typically about 10% for all
samples with a slight decrease after poling.

Hydrostatic Piezoelectric Data

Hydrostatic piezoelectric measurement was made by a dynamic technique 6 by
which means the voltage coefficient, g,,, was evaluated and the strain coefficient,
d, subsequently derived. Hydrostatic data are recorded in Table 11. The values of
the coefficients recorded are averages of those measured on the portions of the
composite sheets that achieved a maximum degree of poling. The deviation of d,,
and g, are ±5 (pC/N) and ±10 (mV-m/N) respectively for the 501 and 501M
samples and, of those specimens representing the 651 and 701 samples, the
deviations are less than ±5 (pC/N) and ±5 (mV-m/N) respectively. Hydrostatic
measurements were taken as a function of pressure on a sample representative of
the undoped filler composition x = 0.5. The results of that investigation are shown
in Figure 6.

The increased inhibition to poling of the Series I samples as the composition
approches the morphotropic phase boundary is reflected in the steady decrease of
the hydrostatic response from a figure of merit of nearly 2000 (fm 2/N) for the 501
sample to barely 100 (fm 2 /N) for sample 701. The hydrostatic response of the
Mn-doped sample, 50IM, as represented by the hydrostatic figure of merit, dhgA,
is found to increase approximately 40% over that exhibited by the undoped
sample, 501, again reflecting the enhanced poling of samples prepared with the
Mn-dopant. In addition, the response is observed to be highly stable over a broad
pressure range. The hydrostatic performance exhibited by the Series II samples,
in particular, the exceptionally high voltage sensitivity and pressure stability,
establishes, therefore, this material's merit as an effective and reliable hydrostatic
pressure sensor.
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FIGURE 6 Hydrostatic piezoelectric coefficients as a function of pressure (Measurements made at
the facilities of the Underwater Sound and Reference Division of the Navy, Orlando. FL).

SUMMARY

A prototype 0-3 sheet design was developed composed of a
(Pb, Bi)(Ti, (Fe, Mn))0 3 filler and an epoxy (Eccogel) matrix. The hydrostatic
piezoelectric responses of composite materials representing
(Pb1 _ Bi)(Tij,Fe)03 compositions from the highly anisotropic tetragonal

% region in the vicinity of the morphotropic phase boundary were measured and
., compared.

.Samples incorporating filler compositions in the range x = 0.5-0.7 (Series 1)
,. poled with an applied field of about 100 KV/cm in oil at 75°C exhibited an

increased resistance to poling as the filler composition approached the phase
boundary. This is reflected in the steady decrease of the hydrostatic response
from a figure of merit of nearly 2000 (fm 2 /N) for the sample representing x = 0.5
to barely 100 (fmI/N) for that incorporating the phase boundary composition
x =0.7.

The high conductivity of samples prepared in the composition range investig-
ated is most likely associated with the presence of Fe2  ions on the B-site of the

0 perovskite lattice which initiate the liberation of electrons via the reaction
Fe' - Fe3  + e-. The filler was modified by doping with Mn in an attempt to
effectively counter this detrimental reaction by oxidizing the Fe2' via the reaction
Fe 2  + Mn 3 - - Fe 3  + Mn2 thereby reducing the conductivity of the filler.

k The merit of the (Pb, Bi)(Ti, Fe, Mn)0 3 /Eccogel 0-3 composite as a sensitive
and stable hydrostatic piezoelectric transducer has been demonstrated by the

• hydrostatic performance of those samples containing the doped and undoped
fillers (501 and 501M). Composites incorporating the Mn-doped filler poled more
rapidly and easily than the undoped material and ultimately achieved a
hydrostatic piezoelectric figure of merit, dhgA,, of 2700 (fm 2/N), a value
approximately 40% better than that exhibited by the undoped sample of 1625
(fm/N). The (Pb. Bi)(Ti. (Fe. Mn))O,/Eccogel composites containing the

.%
4-
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x = 0.5 fillers were found to be superior to PZT, PVDF, and most of the PbTiO3
and PZT composite sheet materials currently reported in the literature. ' Further
work is underway to optimize the filler composition, the composite preparation
and the poling procedure. The results obtained in this study indicate that the
composite system, prepared under these optimized conditions, should prove to be

S..an exceptionally sensitive and stable hydrophone material.
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In Memorium: Issai Lefkowitz

Life goes by too quickly. It was 25 years ago, but it seems like only yesterday that
* Lef and I met at the International Union of Crystallography meeting in

Cambridge, England. Lef was enjoying a sabbatical at the Cavendish Laboratory
working with Helen Megaw on the NaNbO 3 structures. I remember his happy
smile and his enthusiastic approach to research; sometimes the words came so fast
he seemed to bubble over with fun.

That enthusiasm never left him. At the Penn State IMF meeting in 1981, Lef
was very sick, but he wasn't about to give up. He was full of optimism and talked
about his latest copper chloride results with great feeling. That was Lef-an
inspiration to us all-he showed us how to make the most out of life. He taught
us how to live, and how to die.

Bob Newnham
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0-3 Piezoelectric Composites Prepared by
Coprecipitated PbTi0 3 Powder

.. ~AKMAD SAFKRI*
Rutgers University, Piscataway, NJ 08854

YOUNG H. LEE, ARVIND HALLMIYL* and ROBERT E. NEWNHAM*
Pennsvlvania State University, University Park, PA 16802

certain molded shapes. This type of composite is also easy to
fabricate and amenable to mass production. By using the right
kind of polymer, the composite can be made flexible to conform

Pure lead titanate powder was prepared by a coprecipi- to curved surfaces.
tation technique using Pb(NO 3)2, TiCl,, and NHOH as Early attempts to fabricate flexible composites with piezo-
starting raw materials. The coprecipitated powder was electric ceramic particles were made by Kitayama and Suga-
calcined at 900oc to vield highly crystalline paticles waru.' Pauere and Harrison.' These composites were prepared
-. - by embedding PZT particles. 5 to 10 jm in size, in a polymer9' with a narrow particle size distribution. The 0-3 com- matrix. An improved version of the 0-3 composite was fabricated

posites were prepared with this powder using a polymer. by Banno and Saito.' Rather than using PZT as the ceramic
X-ray diffraction patterns taken on the surface of the filler, pure or modified PbTiO, was employed because of its
composites before and after poling indicated that almost greater piezoelectric anisotropy. The PbTiO, filler was prepared.,posaturation poling was achieved at 100 kVlcm. The by- by water-quenching the ceramic, thereby exploiting the high

c rstrain present in the material to produce fine powders. The
drostatic charge and voltage coefficients ,y8 and g,. were average particle size was = 5 um. The PbTiO, powder was mixed
:45 (pCN -) and 95 (10- 3 VmN - ), respectively. The with chloroprene rubber, hot-rolled at 40°C into sheets 0.5-mm

composites showed no aging effect. thick, and then pressed at 190°C for 20 min under 13 kg/cm-
pressure. The composites were poled at 60'C in silicone oil with

"__"_a field of 100 kV/cm for 1 h. The hydrostatic voltage coefficient,
g,, of these pure PbTiO, composites was found to be comparable
to that of PVDF polymer (100. 10-'VmN-'), and the d, value

(Piezoelectric phenomenon exhibited by certain piezoelectric was z35 pCN-.
Recently the sol-gel process has been used to prepare PbTiO,

crystals, polarized polymers, and composites is used in a number powder for use in 0-3 composites. .'o The merits of sol-gel pro-
of electromechanical transducers such as hydrophones, vibra- cessing such as high purity, molecular homogeneity, and lower
tion sensors, and pressure and stress sensors. In hydrophone, processing temperatures are obvious advantages over the con-
the active sensing element is a solid piezoelectric ceramic ma- ventional mixed-oxide processing method.' In this study PbTiOQ
terial such as PZT. Piezoelectrically active ceramic components

4,, convert underwater sound pressure waves to electrical signals, ible 0-3 composites were prepared by incorporating the powder

which are then amplified and displayed. The sensitivity of a in a dielectric gel polymer. Dielectric and piezoelectric prop-

sound receiver material is characterized by a hydrophone figure- enies of these composites are reported in this paper.

of-merit (FOM). commonly taken as the product of the hydro-
static piezoelectric charge (d,) and voltage (g,) coefficients.

During the past few years, piezoelectric ceramic-polymer Powder Preparation
composites with many different connectivity patterns have been The PbTiO, powder was prepared by precipitation from an
designed and fabricated for improved hydrostatic pressure sen- aqueous solution, in which the reactants were mixed in one

- sitivitv. - 3 Among the composites studied so far, the simplest molar stoichiometric quantities. The starting raw materials were
. types are those with 0-3 connectivity,' which consist of a three- Pb(NO,. TiCI, and NHOH. The aqueous solutions were mixed

dimensionally connected polymer matrix loaded with piezo- in the following order: first deionized water was taken in a large
. electricall active ceramic particles. One of the most attractive container and heated to 45'C and the TiCI, solution was added.

features of the 0-3 design is its versatility in assuming a variety After the solution was mixed, Pb(NO)) solution was added to
-. . of forms including thin sheets, extruded bars and fibers, and the container followed by the addition of HzO: solution. The
, .-. pH of the resulting solution was adjusted to m8.95 to 9.25 by

* _adding NHOH. The precipitated aqueous solution was washed
'Member. the American Ceramic Societv with deionized water and dried at 100*C. The dried material

'Eccogel 1365-0. W" R Grace & Co.. Lexington. MA. was ground using a mortar and pestle and calcined at 900"C
'4'0A. Hewlett-Packard Co. Palo Alto. CA for I h to yield highly crystalline PbTiO particles with a very
t.sng a piezo d meter, Brlincounf

03538A Hewlett-Packard Co. Palo Alto. CA narrow particle size distribution. Figure I shows the complete
___,, flow chart of the procedure used to prepare PbTiO, powder. The

Received Januar, 13. 198'. approved Februar 5. 198' SEM micrograph of the PbTiO, powder prepared by coprecip-
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Deonzed w~e', t0' ole Z A
(T*mp 40-45'C) 0.A

0 n Poled of 30 KV/Cm

+ + IX

X Unpoled
NH.OH (PH 875- 925)

Wosh-ng (0,1 water) 42 43 44 45 46 47 48

0Oryn7 (100*) Fig. 2. SEM micrograph of the PbTiO'3  
2

powder prepared by the coprecipitation Fig. 3. Intensitiesof 002 and 200 XRO peaks
[coic~nroo-9ooc)] method. (bar-l10 in) as a function of applied voltage.

Fig. 1. Procedure used for preparing PbTiO3
powder by the coprecipitation method. before and after poling to detect the possible contribution of

domain reorientation or the rotation of the single-domain crys-

itation method is shown in Fig. 2. It can be seen that the particles tallites during poling. There is a possibility that fine crystallites
are almost spherical with average particle size of =3 um. produced by the coprecipitation method are single domain but

randomly oriented within the polymer matrix before poling. InComposite Preparation this case. polarization will occur with a movement of the single-
domain particles themselves so as to align the polar axis of each

To prepare the composite, PbTiO, powder was dispersed in particle in the direction of the poling field. The intensities of
0 a dielectric gel polymer and then mixed by hand with a spatula 002 and 200 peaks for the samples at increasing electric field

for -I0 min. The volume fraction of PbTiO, filler particle in up to 100 kV/cm are compared with those for the unpoled
the composite was 67%. The mixture was then placed in a mold samples in Fig. 3. A complete reversal of the intensities of the
and the composite formed under a pressure of 15 000 psi (100 two peaks at 100 kV/cm indicates that almost saturation poling
MPa). After the composites were cured at 80°C for s 10 h, has been achieved. This behavior also indicates the reorientation
they were polished lightly to ensure that the faces were parallel. of 90' domain walls or the rotation of single-domain crystallites.
Electrodes of air-dried silver paste were applied to the surfaces The dielectric and piezoelectric properties of composites are
of the composite. The samples were poled at 75*C with a field summarized in Table I and compared with those of composites
of 100 kV/cm for 30 min. All the samples were aged for at prepared by using PbTiO, powder prepared by different pro-
least 24 h prior to measurements. cessing methods. ' The dielectric constant of the composite pre-

pared by the coprecipitation method is comparable to that of
Measurements composites prepared by the sol-gel and mixed-oxide methods.

The piezoelectic d, d, and g, coefficients of the composites
The capacitance and dissipation factors were measured at I prepared by the coprecipitation method are about two times

KHz using a multi-frequency LCR meter.' The d, coefficient larger than those of composites prepared by other processing
P was measured dynamically$ at a frequency of 100 Hz. methods. This difference is probably due to the greater purity

The d, coefficient was determined by the dynamic ac tech- and approximate spherical geometry of powder prepared by the
nique. An electromagnetic driver was used as an ac stress gen- coprecipitation method. The values of g, and d, of the 0-3 com-
erator to apply pressure waves to the sample and a PZT stan- posites prepared by the coprecipitation method showed no pres-
dard, which was also under a static pressure from the hydraulic sure dependence up to 1000 psi, as shown in Fig. 4. These

* press. The charges produced from the sample and the standard composites also showed no significant aging, as is clear from
0 were buffered with an impedance converter and the voltages Fig. 5, where no change in the XRD peak intensities is seen

produced were measured by a spectrum analyzer.' The ratio of with time.
the voltages produced was proportional to the d, coefficients.
By accounting for the sample geometries, the d, coefficient of
the sample was calculated. The hydrostatic piezoelectric coef-
ficient g. was then calculated from the relation, g,-d,/ ck.

Results and Discussion z 9o -0-0--c o- I--' -8o '

The intensity ratio of the 002/200 X-ray diffraction (XRD) 6o-

peaks from the surface of the composites was monitored both _ - ,a

30r-

Table I. Dielectric and Piezoelectric Properties of PbTiOrPolymer Composites or., I . . . o
Prepared by Using Different PbTiO 3 Powder 0 400 oo 2oo

PbTiO, filler Vol% d1 d. 9. d4. PRESSURE (PSI)

prepared by PbTiO, K, (pCN-') (pCN") (lO-'VmN') (10-:nN
-'
) Ref

Fig. 4. Variation of d. and g. with pressure
Coprecipiation 67 50 60 43 97 4170 Present work (measured at 75 HZ) for 0-3 composite pre-
Sol-gel 70 50 35 26 59 1530 I I pared by using coprecipitated PbTiO3 pow-
Mixed oxide 70 45 25 13 33 430 I d

der.
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FABRICATION AND CHARACTERIZATION OF A MULTILAYER PTCR

THERMISTORt

B.V. HIREMATH* R.E. NEWNHAM, AND AHMED AMIN
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802, U.S.A.

(Received for Publication September 27, 1987)

Abstract A method has been developed to decrease the room
temperature resistance of a PTCR barium titanate ceramic by
introducing internal electrodes in a configuration analogous
to multilayer capacitors. A multilayer thermistor containing
four (n=4) tape cast layers of PTCR barium titanate was
fabricated with internal electrodes. A reference sample of
the same PTCR barium titanate without internal electrodes was
fabricated with the same external dimensions as those of the
multilayer thermistor. As predicted by theory, it was found
that the resistance of the multilayer thermistor is approx-
imately 16 (n2 =16) times smaller than the test specimen with
little change in the PTCR effect of the multilayer thermistor.

. ,.. INTRODUCTION
%-

% PTCR Thermistors exhibit a positive temperature coefficient of

resistance with a steep rise in resistance as the temperature in-

creases. This anomalous change of the resistance with temperature

ha3 been used in a wide range of electronic applications. Im-

po::ant markets for PTCR devices include television degaussers,

,e . automotive electric chokes, motor starters, crankcase heaters for

refrigeration and air conditioning compressors, air heaters for

hair dryers, hair culers, food warmers, and a wide range of current

limiters. Annual worldwide production has increased to more than

108 units.1

The PTCR effect is observed in semiconducting barium titanate-

with the resistivity increasing dramatically near the Curie tem-

*Engineering Research Center, AT&T, Princeton, NJ 08540.

Texas Instruments, Inc., Attleboro, MA 02703.

* 'Communicated by Dr. G. W Taylor
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perature. For many applications, it is desirable to lower the

,room temperature resistance because the thermistor elements are

often connected in series with the circuit elements which are to

be protected. The resistivity of a PTCR device can be lowered by

altering the chemical composition, 3 but only at the expense of

degrading the PTCR thermistor effect.

Thermistor devices are normally fabricated as ceramic disks

or as composite wafers. In this paper we discuss a method of in-

troducing internal electrodes into a PTCR ceramic in order to

reduce the resistance per unit volume without affecting the tem-

perature characteristics. The internal electrode configuration is

very similar to that in multilayer capacitors.

To illustrate the basic idea, we compare a single laver disk

thermistor with a multilayer thermistor of the same external

dimensions. The resistance of the disk thermistor (RD) is given

by equation (i)

RD = (I)

where a is the resistivity, t the thickness, and A the cross-

sectional area of the disk thermistor. For a comparable multilayer

thermistor made up of n active layers, the total electroded area

is nA (neglecting margins). The thickness of each layer is t/n,

neglecting the electrode thickness. The resistance of the multi-

Alayer device (Rm) is therefore

Rm = .(t/n)nA

RD (2)

n2

The resistance of the multilaver is lowered by a factor of i/n'

with respect to a disk thermistor of the same external dimensions.

r%

S"



MULTILAYER PTCR THERMISTOR 3

EXPERIMENTAL PROCEDURE

Verification of the reduction in resistance was obtained from

barium titanate PTCR thermistors. Raw materials*, BaCO3' La2 03

and TiO 2 were batched according to the chemical formula

Ba 99.97Lao.o3 TiO 3
. Figure 1 shows a flow chart of the powder

preparation. The ingredients were rolled in a polyethylene jar

for about ten hours using zirconia grinding media. The slurry was

dried at 110C for about four hours. The dried powder was calcined

at 1200*C for 2 hours using high density alumina crucibles. The

calcined powder is again ball milled for 8 hours and the slurry

was dried at 110C for four hours.

Multilayer thermistors were fabricated in accordance with the

flow chart shown in Figure 2. The same ceramic composition

described earlier was milled with a commercial binder** for 6 hours

in a polyethylene jar. The slurry was filtered through a 100 size

mesh and deaired. Tapes were cast on a moving glass plate using

the doctor blade technique. Platinum electrodes were screen

printed on one square-inch tapes. Lamination of these tapes was

carried out in a method similar to that used in the multilayer

ceramic capacitor industry. The binder burnout was carried out by

heating the samples at the rate of 4°C/hr to a pe~.< temperature of

550*C and holding at the peak temperature for 2 hours. Total binder

burnout required about 120 hours. These samples were then placed

on a zirconia setter and sintered at 1350C for one hour in air.

The heating rate was 200°C/hr. The samples were cooled in the

furnace after sintering by switching off the power to the furnace.

The edges of the sintered multilayer thermistors were lightly

polished to expose the internal electrodes. Termination was carried

out by coating the ends with a conducting silver epoxy and attaching

silver wire leads. The multilayer thermistor prepared in this

fashion contained four active ceramic layers.

*Fisher Scientific Co., Fairlawn, NJ.
**CB7315 binder, Cladan, Inc., San Marcus, CA.

0
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Raw Materials
BaC0 3, Ti0 2, La 203

Ba99 .9 7 La 0.03 TiO3

Ball Milling
10 Hrs.

Drying
110oC/4 Hrs.

Calcination
1200oc/2 Hrs.

Ball Milling
8 Hrs.

I -Drying
110oc/4 Hrs.

PTCR Powder

FIGURE 1. Flow chart for the preparation of PTCR powder
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Powder + Binder
Bail Milling/6 Hrs.

Casting -Dcorin Blade

CtigOne
Square Inch

Disk ThermistoScenIPitg

Binder Burnout

13500011 Hr.

Electroding

Disk Thermistor Muitilayer Thermistor

FIGUR 2. Flow chart for the preparation of disk and
multilayer PTCR thermistors
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*,.' A reference specimen without internal electrodes fabricated

from four square tapes each one square inch in area. The four

tapes were stacked between two electrodes and laminated. Siatering

was carried out in a similar method to that used for the multi-

layer thermistor. The reference test specimen was essentially a

disk thermistor.

Resistivity measurements were carried out as a function of

temperature on both the disk and multilayer thermistors. The dc

resistance was measured using a Kiethley* electrometer. The tem-

perature was controlled by a hot oil bath and monitored with a

thermocouple. I-V characteristics were measured using a pico-

ammeter** at room temperature.

% ~ RESULTS AND DISCUSSION

The room temperature resistance of the devices was calculated by

measuring the slopes of I-V curve at low field levels. The average

resistance of the multilayer thermistors was 6.25x105 ohms whereas

the resistance of the disk thermistor was 1.02x107 ohms. The

resistance of the multilayer thermistor is found to be 1/16.32

times that of the test specimen in agreement with equation (2).

Figure 3 shows the variation of the resistance with temperature

of the disk thermistor and the multilayer thermistor. The multi-

layer thermistor displays a similar temperature characteristic but

it has only resistance 16 times lower than that of the disk

thermistor over the range of temperature measured. This work shows

that by introducing the internal electrodes into the bulk PTCR

.' ceramic, the room temperature resistance can be lowered without

deteriorating the PTCR effect of the bulk ceramic.

As shown in Figure 3, the change of resistance between room

temperature and 190C is only about three orders of magnitude,

*Kiethiey Electrometer Model 610A Keithley Instruments,

Cleveland, OH.
**Picoammeter 4140B PA meter, Hewlett Packard, Palo Alto, CA.

e r% %

N-% N
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FIGURE 3. Temperature variation of resistance of disk and

multilayer thermistors with some external dimensions.
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somewhat smaller than the increase observed in commercial therm-

istors. This is because the powder processing and sintering

condition of the samples were not optimized to obtain six or seven

orders of magnitude of resistance change as reported in the

literature. The main emphasis of the work is to show a method of

reducing the room temperature resitance by introducing internal

electrodes in a PTCR ceramic.

Comparing the current-voltage characteristics of the test

disk and the multilayer thermistor, the I-V relation for the disk

thermistor is more ohmic than that of the multilaver thermistor.

The disk thermistor did not contain internal electrodes whereas

the multilayer thermistor had four internal electrodes. The non-

ohmic behavior of the I-V characteristic for the multilayer therm-

istor can be attributed to the effect of the internal electrodes.

In order to improve electrical contact between electrodes and the

ceramic layers, a fugitive electrode technique has been investi-
4gated. In the process, porous layers are created in the sintered

ceramic and then the porous layers are backfilled with electrode

materials, thereby avoiding the cofiring of the ceramic and electrode

materials. With the fugitive electrode technique, it is possible

to use base metals or conducting oxides as external electrodes,

thereby enhancing ohmic contact.

CONCLUSION

This work showed that internal electrodes in PTCR ceramics lower

the room temperature resistance without deteriorating the PTCR

effect. This technique can be used where the resistivity of the

bulk PTCR ceramic cannot be reduced further by changing the ceramic

composition.

Usually PTCR disks are manufactured with aluminum, aluminum

copper alloy or nickel as electrodes which form ohmic contact with

the ceramic. Palladium-based thick film pastes have also been
5

developed for this purpose. In our work we have used platinum as

I
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internal electrodes because the electrode and ceramic layers were
cofired in air. In order to use Al or Ni as internal electrodes,

'* 4

the fugitive electrode technique can be employed.
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Susan Trolier, Q. C. Xu, R. E. Newnham
%I Materials Research Labortory
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ABSTRACT Photolithography and chemical etching were investigated as a potential means of
fabricating miniature piezoelectric devices. Among the acids studied, concentrated
HCI demonstrated the fastest etching of PZT disks over a wide temperature range.
HCI also proved to be compatible with some commercially available photoresists
and so could be incorporated into a simple processing procedure for delineating and
etching pattenrs in the ceramic.

Using this technique, flexural mode resonators similar to tuning forks were
generated with fundamental resonances between 10 and 115 kHz. These devices
were then used to provide simultaneous measurements of the density and viscosity
of liquids by monitoring the position of the resonance frequency and the width of
the resonant peak, respectively.

MATERIAIS INDEX: lead zirconate titanate (PZTh

The advent of the microcomputer was presaged by the development of a fabrication pro-
cedure which permitted the semiconductor industry to mass produce miniature electronic devices.

* This technology, and hence the whole realm of integrated circuit manufacture, hinges on the ability
to create very fine patterns on the surface of a silicon wafer by selectively removing minute quan-
tites of material. In order to accomplish this, a multi-step process is employed wherein a pattern

, .- masking portions of the wafer surface is fist delineated so that unprotected areas can later be
etched away (1). The process, pictured in Fig. 1. is thus largely analogous to the production of
pictures by the printing plate method. This technique was adapted to piezoelectic ceramic trans-
ducers because miniature devices of these materials could be useful as sensors or actuators.

* The design chosen to test this processing procedure was a flexural mode resonator. In this
study, four cantilevers, arranged around a center bar so that the whole looked like a capital "H",
were etched out of a sheet of PZT poled in the thickness direction. With one face electroded as
demonstrated in Fig. 2 and the other completely metallized and allowed to act as a floating elec-
trode, anti-parallel electric fields were established in the two halves of each cantilever. Due to the
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Exposure
'% UPhotomask

Photoresist

Development I

-ft"

FEtching

:-'"£Final Device

.. FIG. : FIG. 2:

Fabrication process Electrode pattern for flexural resonator

converse piezoelectric effect E. 1 E (2), a strain field arses in which one half of the log expands

~while the other contracts. This fulffil. the condition for flexure, and the cantilevers wag in the

i horizontal plane. By utilizing four cantilevers arranged so that they arm symmeric about the center
%' " bar the root of each cantilever is effectively clamped by the ,otion of the others. This then per-
",a' ,mits each of the cantilevers to act as though fixed on one end.

Densily Met

" J"."Whenever a trasducer is excited in a fluid medium, an effective mass is forced into oscilla-
toymotion. This quantity includes contributions from the transducer itself, i.e. the piezoelectric

Fand the elctode, and an additional term known as the radiation mass due to the displacedfluid

' surrounding the ceramic. For vibrations in air, this radiation mass is very small, and so in many

circumstances is considered negligible. In the case of a ransducer vibrating in a liquid, however,

the weight of the distur fluid cannot be neglected and so the effective mass wfar higher.

b As an approximate treatment of the effect of the mass-spring damping on the system,
tconsider the resonance of the transducer in air to be undamped (a valid assumption for a high Qc

.'. p transducer) so that it follows the equation

m-:.+ sx =0
' "dt2(3) where m is mass, x is position, t is time, and s the spring stiffness constant. Solution of this

equation gives the resonant frequency in terms of s and m:f..... f 2 m

x

S.% % %s

.edt

0; (3)".% ,"." .% v wherev m is mass /'2,; x , is ; position ..;;',,, t siean , the, spri st "ifness constat .' Souto of .. this. ' . X ,x,.c
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(3). For vibrations in air, m includes only the mass of the transducer and the resonance can be
expressed as

2x Bp___
, for B = constant and = density of the ceramic. When the oscillator is immersed in a liquid,

however, the mass ot transducer is augmented by that of the displaced fluid, n, so that
,,.f • Is

Sincer= A x pq and m =B xp.. for A and B cnstan, the equation can be expressed as

1x S

-=A'pli + Bpan

when X, the wavelength of the vibration in the fluid, is much greater than the size of the transducer
(A' and B' are constants). If this last condition is not fulfilled, the transducer can no longer be
considered a point source of radiation, and mi becomes frequency dependent. For cases in which
the equation does hold, however, it is clear that a plot of fr" versus Pti, should yield a straight line.

From this treatment it is expected that a flexural mode resonator would undergo shifts in the
resonant frequency when oscillated in liquids of different densities. By calibrating this change,
the device can be used as a density meter.

• .,, .' iscomete

"-' In addition to the effect of fluid on the value of the resonant frequency, the nature of the
*, surroundings also influences the shape of the resonance peak, and hence Q. Previous work

utilizing this effect has hinged on monitoring the amplitude of vibrations for torsional or flexural
mode quartz resonators immersed in various fluids (4-6). In this study, an alternate functional
dependence of the viscosity on the width of the resonance peak is derived which is applicable to
the geometry utilized for density determinations.

To derive the effect of the viscosity of the liquid on Qm' consider the wave equation (3,7)
" written as

2 62u 82u J 8up- -- +
& 2 q (x 6 t

where p = density, u = displacement, t = time, q = real elastic constant, and Tl = coefficient of

viscosity defined as 7i = v' + 4 v" where v' = volume coefficient of viscosity and v" = shear
viscosity. For harmonic oscillations

u = u

which, when substituted into the wave equation, gives

-V
'"'S .° -%' b' h'•"b"." " '" 1 ,, % % .",".".'% _ %" % * ' ," ' ,. '" ¢
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8.. 82u j

1.'; "P T2 -8 2 q I+ L
--%,, With the elastic constant rewritten as a complex quantity,

q* = q(lI + jtanS) q( + j--: )

(8) it is clear that

I This final equation suggests that a piezoelectric resonator should make an accurate visco-

. ' -'width) of an oscillator vibrating in a fluid should simultaneously provide measurements of the
• "."density and viscosity of the liquid.

.Exrimntal Procedure

--

• Poled PZT blanks were polished to the desired thickness using a series of Al203 powders.
. Because the clarity of the photolithographic pattern was enhanced by smooth wafer sirfaces, final270polishing was done with 3 gri Prior to applying the photoresist, the samples were spun on

:,.-an Integrated Technologies spin coater for 25 seconds at 2000 rpm to remove dust. Then, work-
,'.,-"ing under yellow lights to prevent premature resist exposure, enough resist was placed on the

surface to cover 2/3 of the disk and the spin cycle was repeated. The second face was coated in asimilar fashion. All samples we r then placed in a light tight container and baked for 20 minutes at
i 80'C. Ile dried photoresist was exposed under an array of white light bulbs for approximately

25 minutes using a 35 nun film negative as a photomask. Shipley Nficroposit S 1400-27 po sitive)photoresist was chosen foruse because it was capable of withstanding the attack of the most

promising etchant, HCI, for over an hour.e After exposure, the wafers were developed in a dilute Shipley icroposit Developer for 1.5

~minutes to remove exposed areas. They were then post-baked, usually for 50 minutes at 801C to

further harden the remaining resist.

Following patterning, the disks were placed in a bath of warm concentrated HC1 for etching.In order to remove reaction products from the surface and so present fresh acid to the cavities (1),
id was necessary to agitate the liquid. Once the pattern was completely etched, the piece was
rinse ed blan we reishe t was removed with a spray of acetone.

Electrodes were hand-painted on to device surfaces using an air-dry silver paint; any neces-
sap electrical connections were then made by gluing silver wires to the silvered surface with a
conducting epoxy,

Resonance frequency data, including capacitance, conductance and impedance values, were
collected using a Hewlett Packard 4192A LF Impedance Analyzer interfaced to a personal compu-
ter. Flexure mode "H" cantilever devices were suspended from the sample holder by wires af-
fixed to the center bar so that they hung freely in a liquid bath. These same wires also served as
electrical connections. In order to mirnize hysteritic effects caused by subjecting a ferroelectic
to large alternating fields, oscillation voltages of .1 volts were utilized throughout these experi-
ments. Resonant frequencies were deterpined by taking the maximum value in plots of conduc-
tance versus frequency. To monitor the peak width as a function of viscosity, plots of capacitance
versus frequency were examined and frequencies fa and f, the maximum and minimum capaci

it% % was n a a t th liquid. Once the pe wa copetl etched, t piece was

%: sdi itle ae adterss a eoedwt pa faeoe
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tance values respectively, were determined to the nearest 0.01 kHz. The difference f2 - f, was
then used as the peak width at half height. Reference viscosities, used as "true" viscosity values
for each liquid were determined using a Brookfield model LVF Viscometer.

Relation Between Peak Shift and Density

As predicted by theory, vibrating an "H" transducer in liquids of disparate densities caused
marked changes in the resonant frequency. This trend is illuminated in Fig. 3, where f.2 is plotted
as a function of the density. Error bars given for the y axis data points arise from the fact that
peak broadening obscured the exact resonance frequency. Within these limits, however, the data
points were reproducible.

the The graphs Ln Fig. 3 illustrate a good fit to the predicted linear correlation between f '2 and
the density. It should be noted, however, that the least squares fits to the lines (given immediately
above the graphs) do not extrapolate to the resonant frequency of the device in air, implying that
the meter would be applicable only above some lower density limit. It was also found that mea-
surements taken with -18.8 and -37 kl-lz transducers were more accurate than those derived from
transducers oscillating at 10 kHz.

Despite the adherence of most of the points to the prediction, it is also clear that some of the
data deviate significantly from the line. Potential causes for this behavior are numerous. For
example, moderate electrical conductivity caused peaks to shift too far below the readings in air,
while high conductivity caused peaks to shift rapidly and erratically with time. This problem
could easily be eliminated by coating the transducer with a thin layer of compliant plastic to elec-
b-ically insulate it. Attempts of this kind were made, but it was difficult to attain a truly imperm-
cable layer of Eccogel-0. Waterproofing of parts is, however, common industrially and would
probably not constitute a mjor obstacle. A second problem which could prove more insidious
results fron the fact that the theory assumes that the transducer is a point source radiating into an
infinite medium. This imposes several restraints on the sizes of both transducer and container and
is considered more thoroughly in the following section.

Potential Geometric Limitations

The theory which predicts a linear change in f 2 as a function of density is derived for a point
acoustic source radiating into an infinite medium. Practically, this implies 1) the resonator size

' "should be much smaller than the wavelength of sound in the medium: size << '16 X.
. 2) the resonator should be surrounded with 2-3 wavelengths of liquid on all sides.

Unfortunately, it proved difficult to simultaneously satisfy both conditions in the case of
flexure mode resonators. Although the 10 kHz transducer with cantilever dimensions of 7.5mm x
1.5mm did just fulfill the size requirement, the quantities of liquid used in measurement were far
too small, particularly in those cases where v approached 2000 m/,. This could account for the fact
that better data were obtained for transducers with higher frequencies.

There are two potential means of sidestepping this problem. The first is to manufacture a
transducer which approximately fulfills the requirements for a wide range of acoustic velocities
(900-2000 m/s). This would probably require a transducer with an intermediate frequency (i.e.
40-50 kHz) which had a maximum dimension near 4.5mm. Preliminary attempts were made to

* fabricate a resonator with these specifications, but the bars were too thin to permit painting the
split electrodes by hand. A second method by which these conflicting restraints could be circum-

.1Angvented is to utilize a series of transducers, each of which fulfils both requirements for a limited
range of acoustic velocities.

J .%V
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-FIG. 3:

~Relation between resonant frequency and density for (a) 18 kHz hard PZT transducer with
7dimensionsIm x 2m0.22m x 0.296 and (b) 37 kHz soft PZT transducer with dimensions

3.5 6.2 2mx-.m

:"" 'Relation Between Viscosity and Peak Width

,oAs predicted by the theory, Fig. 4 shows the width of the resonant peak to be directly pro-
portional to the viscosity. It is interesting to note that for Fig. 4(b), the least squares fit to the line
does not extrapolate coirectdy to the value obtained for At" in air (Af - 0.036 kd-z in air). Conse-
quently, since a knee in the carve must appear at some viscosity, it is not surprising that values for

', l - 1-2 cp (black diamonds) do no fit the curve. Above this cut-off, however, the device seems
' to be at least as reproducible as the Brookfield viscometer. Again, data taken at -18.8 and -37
,, kHz were more accurate than those derived from a 10 kHz transducer.

• .-. N

,,t-,,.,.."PZT disks fabricated by conventional techniques were prepared for patterning by polishing
" -.'with 3gm grit and spin-coating the photoresist onto the wafer. After soft-baking to remove the
., . solvent, the resist was exposed through a high contrast 35ram film negative patterned with the

negative image of the final device. Wafers were then developed, post-baked, and etched to
.": t'ansfer the design to the PZT.

i} Using this technique, several small piezoelectric devices were prepared from thin ("-0.2m
: thick) ceramic disks. The flexural mode tranisducers consisted of four cantilevers arranged around

:.'."a center bar so that the device looked like a capital "H". By varying the geometry, fundamental
-"- "resonances between 10 and 115 kHz could be generated.

,,-. ,-"H" transducers were then used as density meters by tracking the change in the resonant fre-
• quency during vibrations in different liquids. Plots of fr"- versus p were linear for the density

N 34.
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FIG. 4:
Relation between peak width and viscosity for (a) 18.8 kHz hard PZT transducer with
dimensions of lcm x 2mm x 0.2 mm and (b) 37 kHz soft PZT transducer with dimensions

, of 6nm x 2nm x 0.2mm

range of-0.78 - 1.3 S/ 3, Nevertheless, there are some outstanding questions concerning the
sizes of the resonator and the fluid bath required for the most accurate operation of the meter.

Measurement of the viscosity of the fluid medium could also be made with an "K' trans-
ducer. It was found that due to the attenuation of sound radiated into the liquid, the peak width
decreased in direct proportion to the viscosity. The device appeared to be similar in accuracy to
the Brookfield viscometer used for calibration.

"I,,"

The advantages this type of configuration offers over previous work include the fact that a
single run of data can be used to simultaneously determine the density and viscosity of a liquid.
Furthermore, utilization of the microfabrication technique has significantly reduced the size of the
transducer, permitting operation of the device in small quantities of fluid.
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RESONANCE MEASURING TECHNIQUE FOR COMPLEX

COEFFICIENTS OF PIEZOELECTRIC COMPOSITES

Q. C. XU, A. R. RAMACHANDRAN and R. E. NEWNHAM
Materials Research Laboratory

The Pennsylvania State University
University Park, PA 16802

ABSTRACT

Composite electroceramics have found a number of applications, e.g., in medical imaging and for target
location. Tradaitional measurement procedures are not easily adaptable for characterising these materials. Two
techniques based on the resonance method have been devised for the present purpose. One is for measuring the
real coefficients based on the lumped circuit equivalent. The other is for complex coefficients and is based on
an analytical solution for a single mode. Expressions for conductance vs.frequency, capacitance vs.frequency
and Qm are derived. Experimentally obtained values for the complex dielectric, elastic, and piezoelectric
coefficients of 0-3 composites (NTK-306. Japan), 0-3 fired composites (Penn State). PTBF 0-3 composites
(Celanese), and polyvinylidene film (Raytheon) are presented.

1. INTRODUCTION

Composite electroceramics have found a number of important applications [1]. Many of the
piezoelectric composites exhibit lower Qm and Qe than ceramics and exhibit electromechanical properties
which vary rapidly with frequency. Thus the traditional measurement methods such as the IEEE standard [2]
and other techniques used for ceramics [3,4] are difficult to apply in the case of composites. Quasistatic
methods are limited to very low frequencies (< 100 Hz) (5]. A resonance method has been used in measuring
the real part of the piezoelectric coefficients of polyvinylidene fluoride (PVDF), but electrical loss was
neglecte f 6]. Consideration of this loss is important in composite materials [7].

Knowledge of the complex coefficients is of importance in several areas including medical imaging [81,
accurate target location [91, and transfer function determination between electrical and mechanical signals. For
these problems, it is necessary to know phase information in addition to amplitude data. From the viewpoint
of materials science, the imaginary part of the property coefficients relative to the microstructure of the
material, provides a fundamental understanding of loss mechanisms. Techniques for determining the complex
coefficients of piezoelectric ceramics based on admittance measurement at three frequencies have been used for
more than a decade [10-12], but there are difficulties in applying these techniques for low Q composites.
Koga and Obigashi (13] measured the electromechanical properties of PVDF by the admittance fitting mcthod

l.. assuming that h33 is real as done by Ikeda [141, but this assumption needs to be verified by experiment.
In this paper, two techniques based on the resonance method are described; one is for measuring the real

coefficients based on a lumped equivalent circuit representation, the other is for measuring complex
.- coefficients and is based on an analytical solution for a single mode. Expressions for conductance vs.

frequency, capacitance vs. frequency and Qm are derived. Experimentally obtained values for the complex
dielectric, elastic, and piezoelectric coefficients of 0-3 composites (NTK-306, Japan), 0-3 fired composites
(Penn State), PTBF 0-3 composites (Celanese), a-id polyvinylidene film (Raytheon) are presented.

2. REAL PARAMETER MEASURING TECHNIQUE

-' (a) Analysis of Admittance

0
When piezoelectric characteristics are determined using an equivalent circuit with lumped parameters

(Fig.l), the results are valid only near the resonant frequency of a single mode. For very high
electromechanical coupling coefficients, harmonic circuit elements should be included in the dynamic branch.

do
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_ % I
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Ce Re I I C

4

Static branch I Dynamic branch
I

Figure 1 Equivalent circuit of a single mode piezoelectric resonator.

* The admittance is given by

Y= ++jotan R + j ] co2R 2 R + (a)L -/ t2  R 2 + ()L -I/O) ) 2

(1)

=G + jB = (Go+ Gd) + j (Bo+ Bd)

where G is the conductance and B, the susceptance. Subscripts o and d refer to the static and dynamic
contributions respectively; thus,

Go = (o CO tan 5. (2)

G.' Rt  G rd(3

R1 + (OLI- 1/0C 1)2  1 + Q2(0s/(O2) (o92/, - 2

where Grd I/R1 is the dynamic conductance when f . f. and f = 1/2x4 (LICI), i.e., the series resonance
frequency;

Qm= 1 /wsRCI. (4)

In the case of the susceptance, the static and dynamic pans are respectively,

BO = cCo

and

Bd--'- 2 = COC
Bd R2 + (L2 1O (2 2)( 2 9122

RI (oL 1- I/oC,) (o21/W5)O(l/Q,) +(1-

From Eq. (1), it can be seen that if the loss component R1 or R 1 is high, Y is dominated by the static part,
(Go + jBo). We have to subtract the static contribution from Y to obtain the dynamic part, (Gd + jBd). The

Journal of Wave-Material Interaction, Vol. 2, No. 2, April 1987
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capacitance vs. frequency curve is represented by (see Fig. 2)

B0 +JB3d (I -/ CC(f) C 0 C + 2 (5)

C(O= o (o ,) (l/Q ) + (102/)

From Eqs. (1) - (3), we obtain the GO(f) curve near f. (see Fig. 3). The dotted line represents Go.
When f - f., we obtain

Gd = Grd = 1/R 1 =03C 1 / an a , (6)

Go =Go= D C o tan e S. (7)
(b) Determination of Low O , Values

Qr can be evaluated from the C(f) or G(f) curves. From Eq. (5), C = Co at o = ws . By equating
aC/ao) to zero, we can get the extremum frequency values fi' and f2 (see Fig. 2), corresponding to the
maximum and minimum capacitances respectively, and thus obtain

ft= (I - I/Qm) Ir f

f (I c + VM) 1/2 f

where

Qm= 2f/{(f +f )f -f (8)

However in the case of low values of Qmk2 , fl' and f2' cannot be obtained exactly from Fig. 2 because of the
broadened nature of the curve near fl' and f2'. Under these circumstances, Qm can be estimated from Fig. 3
even though the G(f) curve does not have a sharp narrow peak. From Eqs. (3) and (4), we can see that there
exist two frequencies f,, f2 which satisfy the following relations:

(a)1LI - 1/0)C ) = -RI/N ; (o)2Ll - /p 2C)=R/N (9)

In these expressions, N can be any positive real number. This leads to the result,

Gd(fl) =Gd(f2) = R/R2(1 + l/N2)) = N2Gd I(N2+ 1). (10)

From Eq. (9),

¢02= (w/2Qm) (1/N 2 )+4Q2 + I/N

Qn= f /(f 2-fi)N (11)

According to Eqs. (10) and (11), if Qm is small, i.e., the peak in the G(f) curve is broad, N will take on high
values such as N = 3, in obtaining Q..

Journal of Wave-Material Interaction, Vol. 2, No. 2, April 1987
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(c) Parameters for a Disk-Shaped Samnie

(1) Relationships for the TE mode

fS fm ,C I / (aSR1Qm) ; k CiCo); V=2TfS/(- )"

D 2 S TI 2e SC PVC T Z4De ;tans b G 1osCC3 3  C3 0V o C o 0

tan 8. -k
e33 C6343t

h 33  e e33/ (4 3 Ed)

The parallel resonance frequency, fp'l-E is given by,

fpm= fSTE / I 82 1 /2LJ

* (2) Relationships for the radial (PE) mode (121

E 2

Defining

P= 2(1+(1)/(R 2 (I ;2)) and P1  C /C P
Ip 1 OP

we get,

P (I P') 1/2

From measurements performed on the disk shaped sample which is convenient to fabricate, the following
coefficients can be calculated.

)1/2

dSE £)1/2

2~ k2 -2k 2 1/2

Journal of Wave-Material Interaction. Vol. 2. No. 2, April 1987
109

~ ~ ~ ' ~ '%



Xu. Ramachandran and Newnham Resonance Measuring Technique for Complex Coeffcients

T E .1/2
d3= k33 (E33 S 110,o

= i/( T E')
933 =_ d331(E33e0

Hydrostatic coefficients:

dh = d33 + 2d31

s~=(2S' 1 + S' ) + (2S' 2 +4S)

k d ET 1/2

h h/(Sh E
It is necessary to measure the second harmonic frequency f2sp in addition to fsp in order to obtain

the Poisson ratio, a. [2,14,15] (see Table 1 and Fig. 4).

TABLE 1. a VS. R1 AND f2sp /fsp FOR THIN DISK

C R R2/R 1

0.25 2.0172 2.6669
0.26 2.0236 2.6595
0.27 2.0300 2.6520

0.28 2.0363 2.6447
0.29 2.0426 2.6375
0.30 2.0489 2.6304
0.31 2.0551 2.6234
0.32 2.0612 2.6165
0.33 2.0674 2.6096
0.34 2.0735 2.6029
0.35 2.0795 2.5963
0.36 2.0855 2.5897
0.37 2.0915 2.5833
0.38 2.0974 2.5769
0.39 2.1033 2.5706
0.40 2.1072 2.5643
0.45 2.1380 2.5342
0.50 2.1659 2.5059
0.55 2.1929 2.4793
0.60 2.2192 2.4541
0.65 2.2443 2.4304

R is the root of the equation: xJo(x)/J (X) 1 - ar

R2/RI -f2s/fl sp

It should be noted that in some composites such as the NTK-306, the apparent velocity varies rapidly with
frequency, and in this case the Poisson ratio can be obtained from a bar sample and a disk sample driven near
the fundamental resonance frequencies. The fundamental frequencies of the two samples must be reasonably
close to each other.
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S

,.. HP-4192 HP-9121 HP-9872A

C - tImpedance Computer PlatterI Analyzer

Sample Interface

,IHP 

Thnkjet
HP-9000 Printer~scope

Figure 5 Schematic diagram of the measurement technique.

(d) Othe Moe

In principle, other vibrational modes, such as the LE (3-1) mode, the LE (3-3) mode and shear modes can
be excited and studied by methods similar to those described above but require suitable sample geometries.
For very low Qm (< 5) composite samples like the NTK-306 0-3 composite, the shear mode is very difficult
to excite because of the very high damping coefficient

(e) Experimental Results and Calculations

Four different piezoelectric samples were studied and their coefficients were evaluated using the technique
described above viz., 0-3 composite (NTK), fired 0-3 composite (PSU), 0-3 PTBF composite and PVDF
films.
Figure 5 shows a block diagram of the measuring apparatus.

The samples were suitably electroded to minimise problems of surface resistance. Figure 6 shows the
G(f), C(f), and 0(f) curves near the radial and thickness resonance frequencies. The * (f), [0 = tan"1 (B/G)]

* ,, curve is helpful in determining f.. A computer program was written to calculate the diferent coefficients. The
4%" coefficients for the fired 0-3 composite disk (PSU) and PTBF 0-3 composite (Celanese) were evaluatedS.

similarly. Figures 7 and 8 show their G(f), C(f) and 0() curve for these samples.
Thick PVDF film samples (T - 540 plm) were also studied (see Fig. 9). Thin PVDF film samples (T -

50 Im) were excited only in the LE (3-1 and 3-2) mode. Another computer program was written to calculate
the coefficients in this case. It was necessary to mount the thin film sample carefully so that it was straight
and unconstrained. Experimental results for thin PVDF sample are shown in Fig. 10.

3. COMPLEX COEFFICIENT MEASUREMENT TECHNIQUE

(a) Relations for the Thickness Mode of a Plate ITE)

We assume that all of the dielectric, elastic and piezoelectric coefficients are complex, so that

Co=Co(1-jD) • D=tanS (12)

.r o
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Figure 6 Experimental curve for NTK 0-3 composite.
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Figure 7 Experimental curves for fired 0-3 composite.
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LFigure 8 Experimental curves for PTBF 0-3 composite.
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J. D' D
C 33 =C;3 (1 + j) ; a n(13)

and

- k1 -k(I +jP). (14)

The impedance of the thickness mode is

"?" /b" )(15)= I/jOC I-( tanb*b(5

where,

Sb = (oST 2V).

Since D2, j 2 and P2 are much lesser than 1, the following equations hold with sufficient accuracy. (As
long as D, J and P < 0.5, the error is less than 0.14%).

V*=(c /p) (CD 3/p)(I+j(J/2))=V(I+j(J/2)) (16)
€:" ~ ~* * I 2=b -JJ /  )(7

. b = (oT/2V) =(WdT/2V)(-J(J/2))=b(1-j(J/2)) (17)

*2 2
"k =k(l +2jP). (18)

Substituting Eqs. (12), (16), (17) and (18) into Eq. (15), we have,

Z= R +jX

where,

tan2b)tanh(bJ/2)-(D+(J/2)+2P)(l-tanh 2  )) ta nb

WP [I +( +~ (1+ J / 2)](b/)ab}

(1 9a)

2"..L. 1 1 -tanh2 (bJI2)tanb +(D+(J/2)+ 2P)tanh(bJ/2)sec2b]

- [1 + tan an (bJ 2)

* (1 9b)

Eq. (19a) can be rewritten as,

"-..xi = bi (I + /a b (i 2) )(21)

5 -..,

2
L,=tanbi (I - tanh (biJ /2)) (22)

=(1 + tan2b) tanh (bJ /2) (23)

.- co
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= D +J/2+ 2P (24)

K=k (25)

bi = (iT /2V) (26)

---. C IC I+[I -(8/ 2)]-0.145 [K/(I-K)]

For three selected frequencies, fl, f2 , f3, and the corresponding resistances. Rl, R2 , R3 , respectively,
application of Eq. (20) leads to the expressions,

(X, . a = ( rl O2- X2 Ot 2 T1l ) (I (X ¥IY2 -X2 a2" l) (27)

K = XI a I /(ql -P1 Y) (28)

e = -S 1 I (4 S2 / 2Ej ) , J = (1/b 3)1/n (1 + Wo/( -0) (29)

where,

S1 = E2/(2E,)

El =(1/K) 3 b3 tan 2b3 - tanb3

E2 =-(1 + tan2 b3)

a3 b3 /K) +p .anb3

2= E -4EIE 3

An iterative method is used for obtaining the values of kt, P, J and V. E33S and D can be determined
directly from C. and Gro. The iteration is carried out in the following steps:

(1) Beginning with initial input value of and taking Vo = 2f T and using Eqs. (27) and (28), K I, and
P can be estimated from f,, f2, R1 and R2 to give V1 = Vo / I - K1) t 2 (The subscripts on V and K refer to
the iteration step).

(2) Using V1 as the new value for V, step (1) is repeated to give K2 and P2. This iteration procedure
continues until the K and P values converge. In practice, four iterations are sufficient.

(3) Taking the values of K4 , 041 V4, f3 and R3 and using Eq. (29), we obtain a new value, J - J
(4) Taking J, and V4 , steps (1), (2) and (3) are repeated to obtain J - J2-
(5) This iteration procedure is continued until the condition, ( 1I -J./J 1) < 10-5 is satisfied. This

yields the complex coefficients, -33 (1 - jD), V(I + j(J/2)), kt(I + jP), C33 (1 + jJ).
Some other complex coefficients are calculated as follows

," 1/2
(C h 3 /=k C 13 2 (I+j(P+J/2 +D/2)) (30)

St 2333 ( I+j(P +J/ 2 -D /2)) (31)
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(b) Relationshins for the Length (3-3) Mode of a Bar (LL)

Z=1/(C)( 1-( tanbv/b ° ) (32)

where

b = OL 2V

! ~ V= (P)$3 3 -1a= V l+ j(J/2) )
..

VO (PS ) 2D* f3 ( I ij U )533 = 3 (-J

2fLA

IX',

k33=k33 l33)

Ithe method used to evaluate the coefficients of the LL mode is very similar to that used for the TE mode
described above. The following coefficients are obtained frm the analysis of the LL mode:

I33 S33, 331 g3 P £331 etc.

(c) Relationships for the Thickness-Shear (TS) Mode of a Plate

Again, the method is the same as for the TE mode, carried out in Section 3(a). The coefficientsk1
*C55 , h15 * t33 etc., are evaluated by analysis of this mode.

(d) Relaionships for the Length (3-1' Mode of a Bar (LE)

The admittance is given by,

-'_k3_ tan(L 12V)
.. Y = jC +

* -. (1-k) / 2V (34)

As previously done, we assume,

C (I -jD) K k;
'E3E

SSl =S' (1 -jJ) ; b =oL/2V (35)

k3 = k3 t (I + jP) ; V= 2fL

V =(pS -1/2 = V( I +j(J/2))

D =G /2"rfC.
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Substituting these above relations into Eq. (34), we arrive at,

Y=G+jB
where,

VK [ D -J / 2- 2P (1 + K)] [1 - tanh2(W / 2)] tanb + Ktanh (W /2) sec2b
G =Wo D + b P+[1 +tan 2b tanh 2 (bJ / 2)]

(35a)
B= (OV K[J/2 + 2P1 + K) -D] (I + tan2b) tanh (bW/2) + KI -tanh 2(b/2)]tanb

b I + tanb tanh2(bj/2)}

Eq. (35a) can be rewritten as, (35b)

':""~ G / W'°I o)D = a. K(-Pyj¥i + ri)/Xi' (36)

* Heme

W 0=(D-J/2-2P( 1 +K)
4%.. The definitions of xi, yi and Tli are given in Eqs. (21-23). Substituting three frequencies and the

corresponding three conductance values in Eq. (36), we get,

K=X a(T I  - 0 y ) = K321 /(1 -K2') (37)
3 3:

-(X aI C1 12-X 2 ' 2  )/(ZX a 1 Y2 -X 2 a 2Y1)=(J/2)+2P(l +K)-D (38)

• iJ . .T )1 ./2
d = k:i(~ 3 ~e) 2 (39)"" ': d31- k31 (e;3311 o )  9

I + (40)

1g31  I +j(D/2-J/2+P)) (41)

The iteration procedure is very similar to the one described in Section 3(a). Here, we make use of the
conductances measured at three distinct frequencies. The following complex coefficients are obtained:

r-3 = 33 (1 -jE) (42)

P E 2
Sit S1l (I -jJ) p(2f5 L) (1 -jJ) (43)
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TABLE 2. PROPERTY COEFFICIENTS MEASURED USING THE TECHNIQUE AT
250 C

Pararneter NTK Fired PTBF PVDF1  PVDF2

Complex dielectric 33.4(1-0.02 1j) 45(1-0.020j) 41.2(1-0.012j) 7.5(1-0.022j) l1(I-0.016j)
coefficients (f-18.6kHz) (f-llkHz) (f.19kHz) (f.lkHz) (fmIkHz)

C 33* 32(1-0.037j) 44(1-0.040j) 39.4(1-0.023j) 6.0(1-0.24j) 10.8(1-0.054j)
(f- 172kHz) (t= 1.32kHz) (f.676kHz) (f.792kHz) (f.27.7kHz)

Complex elastic 8. 1 x10 9 (1+0.26j) 13.9xl0 9 (l+0.088j) 7.7x109 (1+0.094j) 1.09xl0 9 (1+0.25j)
coefficients (f. 172kHz) (f-1.32MHz) ((=676kHz) (f.792kHz)

C33 D*(N/rnZ)

Complex Piezoelectric

e33*(C/rn
2) 0.19(1-0.003j) 0. 11(l-0.0 17j) 0.036(1-0.2j)

*h 33 *(V/rn) 6.71108 (l+0.034j) 3.2xl0 8 (l+0.0I5j) 6.8x10 8 (l+0.035j)

Electromechaniical ConUnlig

Coefficint K

-ok~ 0.01 0.040 -0.014 k3 l *.0.094 k31 *-0.069
(1-0.008j) (1-0.Ollj)

k p0.02 0.066 .0.026 k32 :50-01

k30.12 0.18 0.092

kh0.17 0.16 -0.12

Piezoelectric Coefficient (DC/N)

*d 3  39 48 52 -27 -16
33*

d31  -3.8 - 7.0 -7.7 d3 l m15(1-0.093j) d~l*-13(l-0.088j)

dh 31 34 37

*Density (Kg/rn3  4.23x,03 4.4x 103 5.5xl03 1.46x 103 1.78x103

SN 11 3.64x10-1 0.76xl10 1 0  9.22xl101 0  3.75x10-10 2.9x10-1

*S 12 E 1.64x10-10  0.19x10'10  2.67x10-10 (-.j

Voided uni-stretched thick film
2 Non-voided bi-stretched thin film
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V =2fL(l +j(J/2)) (44)

d• kTSE I12(

d3 1 k 31 (E3 E1 le o) ( I +j(D/2-J/2 +P)) (45)

(e) Selection of the Three Frequencies
- The selection of the three frequencies is important for the iteration procedure to lead to converging

P. values. We therefore, recommend the following choices.

fl 0(I-02/Qm)f ; f2 ( + 0.2/Qm)fs ; f3 =(I + 0.1/Qm)fs (47)

If the frequencies selected are too far from f, the material parameters may be different from those at
since they change with frequency. On the other hand, if these three frequencies are too close t f' error is

introduced due to error in measurement.

As long as the vibration is a single mode, the iteration converges rapidly within 3 minutes on a
HP-9121 computer.

0

(f) Computer Programs and Experimental Results

In order to carry out the analysis described above, two computer programs, named ITRESTE and
ITCONLE for TE and LE modes respectively, were written.

A These programs automatically print out the measured values of the complex coefficients along with the
total iteration time required for convergence.

The complex coefficients of the NTK-306 0-3 composite, fired 0-3 composite, FBF 0-3 composites and
polyvinylidene fluoride are listed in Table 2.

4. SUMMARY

I) A measurement technique for evaluating the complex coefficients of piezoelectric materials of low
Qm has been described. As long as the figure of merit, M = k2Q. is greater than 0.001, the technique for
estimating the real parts of the coefficients can be utilized even for piezoelectric materials with Qm < 4.

2) The experimental results indicate that the piezoelectric coefficient h3 3 is complex, contrary to the
usual assumption that it is real.

3) Using just one disk shaped sample of the material, it is possible to estimate all of the real
coefficients for the LE, LL, TE, PE and hydrostatic modes.

4) The error in the evaluation of the coefficients can be reduced to less than 5% when the vibration mode
is pure.

5) In the case of the iterative method for the evaluation of the complex coefficients, the choice of the

three measurement frequencies which lead to rapid convergence is outlined.
* 6) The technique for measuring real coefficients can be applied to single mode vibrations of low Qm

trasducers vibrating in a liquid or attached to a solid. The effective electromechanical coupling coefficient,

the conversion efficiency and the bandwidth can be estimated in this manner.
7) These techniques can be used to evaluate property parameters as a function of frequency if the sample

-... size is changed. 
a

-" .8) These techniques are not suitable for high Qm piezoelectric ceramics, but are useful for measuring
* property coefficients of materials like piezoelectric composites and PVDF.
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Xu. Ramachandran and Newnham Addendum to Resonance Measuring Technique for Complex

ADDENDUM

RESONANCE MEASURING TECHNIQUE FOR COMPLEX

COEFFICIENTS OF PIEZOELECTRIC COMPOSITES

Q. C. XU, A. R. RAMACHANDRAN and R. E. NEWNHAM
Materials Research Laboratory

The Pennsylvania State University
University Park, PA 16802

[Note: The following list of symbols was added immediately prior to the printing of this issue.]

List of symbols

C = capacitance C0 - static capacitance

Re - electric loss Re -(o 0 tane )-

tan e = electric loss tangent f - frequency

L= dynamic inductance C1 - dynamic capacitance

R, = mechanical loss R1 . (tanSm/ cosC 1)

cl = angular frequency (o = 2n f

Qm - mechanical quality factor = 1/ tan8 m  tan8 m - mechanical loss tangent

Y = admittance G - conductance

GO- static conductane Gd - dynamic conductance

Grd = dynamic conductance at fs B = suspectance

Bo - static suspectance Bd - dynamic suspectance

cos- series resonance frequency

K = piezoelectric coupling coefficient

f, I, f2 - frequencies used to determine Qm from G(f) curve

T = thickness of sample p - density

0 V - Acoustic velocity

D = Diameter of sample or electric loss

Co* static complex capacitance
-DH = complex stiffness coefficient

J tan80 lin

% kt = complex thickness coupling coefficient

% P - phase angle of kt*, k3 3  Z - impedance

b = dimensionless parameter ( - coT / 2V*)
*V = complex acoustic velocity L - length of bar sample

10*

k3 complex coupling coefficient of LE mode

kh coupling coefficient of hydrostatic mode

Journal of Wave.Material Interaction, Vol. 2, No. 2, April 1987
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MEASUREMENT OF COMPLEX COEFFICIENTS FOR THICK PVDF POLYMER*

O.C. Xu, A.R. Ramachandran and R. E. Newnham
R.H. Tancrell

M. R. L. , Pennsylvania State University; University Park, PA 16802
Raytheon Research Division, Lexington, MA 02173

I Measurement Technique

The analytical solution for single vibration mode,
ABSTRACT assuming that all the piezoelectric, elastic and

A new measuring technique of complex coefficients for dielectric coefficients are complex, is as follows:

low k2Qm piezoelectric materials has been described. 1Impendance of thickness mode (TE mode

The complex elastic, dielectric and piezoelectric R.D0(C (1)k,[tanh(!b/2)sec2b,-(D+J/2+pH)
coefficients for the longitudinal length mode and for sech2(3 b'/2)tanb']/([l+tanb'tanh2(Jb'/2
the thickness mode of thick polymer produced at t( /(C'b')}-Ro+Rd bta(1)
Raytheon, and their temperature and frequency (d ominance (1)
dependence are measured by this technique. (2) Admittance of length mode (LE mode

Following the method of time-temperature Y-j co1 +k 2  2tanb[b(1-k 2)]},G+jB
superposition, log(aT is plotted as abscissa. The real G-Cot'D+( iC ('D-J/2-pH(l +K)ltanb'
parts of d33, dh, poisson ratio and their temperature sech2(b'J/2)+anh(Jb'12)secb')/
dependence are also obtained. {b1 +tan2btanh2 (b'J2f)G,+G (2)

C=C '(1+K/b'[tanb'sech(Jb'/2)+(D-J/2pH( 1+K))
.anh(b'J/2)sec2b'] }[1+tan 2 b'tanh (b'J/2)]

* -C '+C.
Here, tle subscript"o stands for the static
partand d for the dynamic part. For the TE

1. Inrdmode, all the complex coefficients are
1. .n-rodu In on assumed as shown below:

k,-k,' k" -k,'(l+gP H),
In general, piezoeiectric composites and polymer v +_(c 0S
materials exhibit large piezoelectric imaginary V ( 2v ) I(ta q)u is thickness.

components. marked temperature/frequency For LE mode, k .- k it(lciesPH),

dependence and lower k2 Om than ceramics, so K 2 *2) v.' 71  -jJ ), b'=L/(2v')
measurement of their complex coefficients is useful for Lkis Tnh. ving I
many applications [1]. such as piezoelectric acoustic CCo 1 th t-f8/fer tem
absorbers, active noise control and acoustic target C = 0'(1.((+ )-0. 145K]K/(1 -K)) (31
location. were C is the capacitance when ff' C can be

of, complex obtained l ~om the C vs. f curve. fI is obtaiedfrom the
The other methods for determination of complex C and Gf(or Ah)
coefficients of piezoelectric materials are: (1) G vs f curve.See Figs 1-2. From C and G (or R),

Gain-band-width method by Holland and Ernisse [2]. e33 and tan8 are obtained. From equation ( ) or ()'

(2) Interactive method by Smith [3]. (3) Quasistatic selecting three frequencies Ifff3 on the R vs. f or T
(<100Hz) method by Hayakawa and Furukawa (4]. (4) vs.f curvethe corresponding vaues of RRR for TE

Admittance fitting method by Ohigaski(5]. In the case mode(or Gj,G 2 ,G3 for LE mode) can be
obtained.Taking these values and using an iterative,. "of materials with k2() <0.01, it is difficult to obtain method, N ' (or k3,' )PH and tanSm can be obtained [6].

% convergence by the firsTtwo methods. Further, method methodnly (r paanr a be obtained6
(4) listed above assumes that h3 3 is real. Since only three parameters are being determined,
In section II of this paper, the- complex coefficient the convergence is very fast and easy. Further,
measurement technique is presented. The velocity and elastic coefficients can also be obtained.
lemperature/frequency dependence of the various All the complex coefficients are determined near by tocoefficient are presented in section 11, in addition, the in this technique.pesentd i so Because of the low value k2Om and the weak
real coeffici nts dh, d33 . a are also presented. In resonance peak, local amplification of the dynamic
section IV, the results are summarized and discussed, conductance Gd (or R ) is necessary, see Fig. 1. In

order to improve the accuracy, it is better to use the G
(or R ) vs. I curve than the C vs. f curve. It is necessary
to separate the pure electrical conductance G, (or Ro)

• from the total conductance G (or R ). The frequency
Tselected for the iterative method are important. We"-" " This work was supported by the Research Center for fugs fI.=102Q) f~.l02Q)

the Engineering of Electronic and Acoustic Matenals, suggest 11 2. (1 d 0 . 2 0 m),
The Pennsylvania State University f3 .f,( 10.l1/ ). The schematic diagram of

-. " measurement equipment is shown in Fig. 3.

* Published at: IEEE Ultrasonic Symposium 1987, Denver, CO.
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The real c6-ficint - d areinteresting for
hydrophon, application ji] necan be obtained
approximately as follow:

- 443 id (4)i7nga square plate sample of PVDF. the poisson
ratio a can be obtained appoximately [a].
Oi=(1.f 2 /f 2)41+8f 2/(X21) (5)

I here, 111 12 are the firsi two resonance frequencies of
4 I the square sample.

Ill The Temperature/Frequency Dependence
. I of the Propery Coefficients of the Thick PVDF

F Following the WILF equation for polymer.
Gi- log ca T'log 2xf -C ,(T-TR)/C 2+ (T-TR)]. For the thick

PVDF, let TRU-20C, the coefficients C1 and C2,
Fig.,. Conductance G vs. frequency I. determined by dielectric measurement. are 6.2 and

118.6 respectively, therefore
loga .-6.2(T-20)/(98.6.T)

%% aT eing the shift factor, plotting logwaT as the
abscissa. we can represent the frequency
dependence in a very wide range. Fig .4 shows the
dielectric properties of TE mode ( f:500 KHz-1000
KHz) and LE mode ( f: 4 KHz-7 KHz). We see that two
peaks have same log~oaT value, however, the vertical
correction factor has not been considered here,
therefore, the tanfi. for TE is higher than for LE [9].

.4- -. 4 - - - - - - -

.2

0

0 10 20

Fig.4. T and f dependence of dielectric coefficient.

The elastic properfies behave in a similar fashion
to the dielectic prooerties and are shown in Fla. 5

0 ma and have $2t- I SSi,, The real Part Of e33,
I. e' 33 is almost independent of frequency and

temperature, its imaginary part shows a peak
4,e * e3 :0e33-0-5 ) at logcoaT-6. The results show that h3

Fig. 3, Schematic diagram of the measurement iscmpe; h pa -alu h3 1 O6. The
equpmet.coefficient d,~ is shown in Fig. 6, an .d'32 -d'31/6
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Fig.7 shows tfie complex couplifl' co~ficients. ' The
60 .2 loss tangent (k'/k') does not refer to the piezoelectlc

energy loss. Nt is as follows:
k4- tan5 A +tan6,. -2d*/c (7)

*q%4. (T-80)14 9. .T I
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The temperature dependences of d',, 63, and poisson IV. Summary
ratio a are shown in Fig.8-9. This technique has also
been used successfully for evaluating 0-3 composites. 11) This measurement technique is appropriate for
such as the NTK-306. the Celanese PTBF and fired VDF and 0-3 composites (flexible ceramics ) with

*composite (MRL). k2Qm)>0.004 and 0 >10. The relative error in
30 50measurement can be .cl0% when the vibration mode
30 50is pure. This iterative process converges more easily

than smits's method for low k2Om, sample . The choice
of three frequencies is critical for convergence.

d' (2) This PVDF is a three phase structure with
Z 20 crystalline and amorphous regions and voids. The

U temperature dependence of poisson ratio (Fig.9) is
30 probably due to the existence of void. In addition, 033

d'3, does not show marked temperature dependence as
'a t0 opposed to thin PVDF.

i(3) The composite 'abscissa, logaaT is convenient for
consdernge the frequency and temperature

N* dpendnce.The vertical correction factor needs to be
0 0 t0 obtained in future. The thick PVDF material exhibits
-5o 0 so 100 high dielectric, elastic and piezoelectric loss near

10 gwa -6-8, this data is useful for designing
TEMPERATURE OC piezoeTectrical acoustic absorbers or vibration

dampers.h
4) he esutsshow that, h also is complex for thickFig.8, 4,' and d3' vs. temperature. ?VDF. as shown in Fig.1&a3

-50 0 50 100
.44 .44
. 43 .43

*.42 T-w .42
.41 *.41
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RELAXOR FERROELECTRICS

* L. ERIC CROSS
Evan Pugh Professor of Electrical Engineering and Director of the Materials Research Laboratory
The Pennsylvania State University. Utuversity Park, PA 16802

Abstrac --This article attempts to review a number of macroscopic measurements which have
been used to explore the electrical, mechanical, thermal, and optical characteristics of relaxor
ferroelectrics and to authenticate the compositional heterogeneity model which was first proposed
by G.A. Smolenskii to describe these materials. In this connection the work of N. Setter on order
disorder in lead scandium tantate is discussed to clearly establish the role of compositional
heterogeneity. To demonstrate the very wide temperature range above the dielectric permittivity

*; maximum Tm over which large values of RMS polarization persists. electrostrictive spontaneous
strain and quadratic electro-optic measurements on lead magnesium niobate and on the tungsten
bronze structure ferroclectric barium strontium niobate are introduced. In order to validate the
hypothesis that the polar micro regions which exist above Tm are in dynamical disorder,
measurements of the field induced electrostriction are reviewed. From the aging behavior of
suitably doped relaxor compositions it is suggested that because of internal heterogeneity local
and global symmetries differ in the relaxor and the consequences of these differences are
discussed with respect to the poling: depoling behavior and to the low temperature dispersion in
lead barium niobate bronze structures.

INTRODUCTION

The relaxor ferroclectric may be distinguished from normal ferroelectric cr.sals by three
distinct families of properties highlighted in (Fig. 1). which reviews the behavior of lh.d magnesium
niobace PbMg 1/3 Nb-/ 30 3 (PMN) a typical relaxor composition. In the dielectric response (Fig. Ia)
the weak field dielectric perrmttivity reaches a high peak value - 20,000 typical for ,a ferroelectric
perovskite near Tc. but the dielectric maximum clearly does not mark a phase change into a
ferroelectric form as the temperature of the maximum increases with frequency in a manner typical of
a relaxation dielectric. The associated maximum in f" (tan5) is also typical of relaxor response.

From behavior in high alternating fields however, it is clear that the PMN is ferroelectric at low
temperature with bona-fide dielectric hysteresis, a necessary and sufficient condition. However, we
note again from Fig. Ib that the hysteretic response slowly degenerates into just nonlinearty as the
temperature increases, i.e., that the spontaneous polanzation is not suddenly lost at the Tc of a first or
second order transition but decays more gradually to zero.

Perhaps the most .Eartling behavior is that to longer coherence length probing radiations where
samples cooled to very low temperature show no evidence of optical anisotropy, or of the x-ray line
splitting which would be characteristic of a macro-volume changing to a polar phase (Fig. 1c).

An explanation which has been offered for these relaxor ferroelectnc behaviors by G.A.
Smolenskii (I) is that in for example PbMg 1/3 Nb 2/ 303 the Mg and Nb ions do not order, so that

4.

'%

* , .,q*** * *

5F



Pb(Mg,,.3 Nb2,3)03

-- Strong dispersion inc'
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Figure 1. Characteristic features of a ferroelectric relaxor.

0 Figure Ia. Dielectric dispersion in Lead Magnesium Niobate (PMN as a function of temperature
and frequency.

Figure l b. Dielectic hysteresis in PMN as a function of temperature.

Figure Ic. Optical and x-ray evidence for the absence of a macroscopic phase change below the
Curie maximum (TI).
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across any trace in the crystal there are fluctuations in Mg: Nb concentration. It is suggested that
these statstical compositoo fluctuations lead to large fluctuations in the Curie temperature Fig. 2a.
and that thus over a wide temperature range there is an intimate mixture of ferroelectrnc (Polar) and
para-electric (Non Polr) regions, with the balance becoming steadily more polar as the temperature is
reduced. Clearly, if the scale of the heterogeneity is of order 100-200 AO as proposed and the polar
directions set in at random over the available domain states (8 states for the polar phase in
rhombohedral PMN) then for interrogation by a probing radiation such as x-ray or optical frequency.
the random array will stil reflect the prototypic cubic symmetry.

A second potential facet of behavior which was not in the onginal Smolenskii model appears if
one considers the likely stability of very small polar micro regions. Using Devonshire or a similar
formalism the free energy as a function of polarization for one of the polar regions must appear as in

. Figure 2b. For a domain of macroscopic volume, the energy hill separating alternative domain states
is many many times kT and the domain is quite stable. Since however, terroelectricity is a
cooperative phenomenon, all energies scale with the volume so that on continued scale reduction

(near a dimension of (100 Ao)3 for a typical perovskite) the barner in AG becomes comparable to kT
and the polar region unstable against thermal aggitauon.

% ~Pbt(Mq,,
3 Nb,,t)0,
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Figure 2a. One-dimensional illustration of the Smolenskii model of compositional heterogeneitygivng iseto idefluctuations in Curie temperature over a short scale.

Figure 2b. Schematic illustration of the Elastic Gibbs Free Energy in one of the polar micro
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FERROMAGNETIC ORDERING

Steps in the build up of magnetic order in different systems well charocterized

Individual spin momieft m
ThermnlfrA hermal

' " I iDilute Paramagnet
44 DuA. Spin clusters can

be in very fine
Thermal Thermal fetrrmognetic

particles e.g. Fe
-H .. Super Paramognetic or

4 " ( ).% ent ofB. Due to fluctuations
Spin clusters Large moment M of in site occupancy

ordered cluster as in Cobalt Zinc
Crtcl Ferrite

.. Critical SPM

HztVtery weak

* remonence•"~ -.. Abrupt"r- omain walls Ferromagnet
Mt | Me

Large ordered domains

Figure 3. Schematic illustration of the build-up of magnetic ordering with scale in a simple
Ferromagnetic system.

In magnetism, the build-up of ordered states from isolated spins is well understood (Fig. 3)
,. a and the superparamagnetic state in which small ordered spin clusters establish an inadequate

magnetocrystalline anisotropy energy to remain stable against thermal motion is well documented.
For the build-up of ferroelectric order no such detaded scheme has yet been delineated, however, it is
tempting to suggest that the small polar micro-volumes postulated to exist in the relaxor ferroelectnc
could over some range of sizes, be unstable in a similar manner, giving rise to analogous
superparaclectric properties.
of"To prove out the Smolenskii model for the perovskite relaxor, and to explore the added caveat
of potential superparaelectmc behavior, three quesuons need to be answered.
I . Are fluctuation in the concentration of B 1, B- cations responsible for the diffuse nature of the

phase change in a Pb(B 1 . B2 )03 perovskite relaxor ferroelectric?
".'' 2 Is there direct evidence for a substantial value of 1P2 , the RMS polarization at temperatures

0 well above the dielectric maximum (Tc)?
3 Are the polar regions in this high temperature range 'flipping' in orientation as in the
sUperparamagnet or are they fixed in onentauon?

It would appear that each of these questions can now be answered in the affirmative.
However, aging studies in pure and doped materials confirm that the simple model of a perfect
rrucrocrystal in a co-joining high permttivity marnx phase is inadequate and that as might be expected
the symmetry of the local region is lower than that of the bulk. This difference between local and
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RELAXOR FEMOELECTICS 245

global svmmetnes has important consequences not only in the aging behavior, but also in the manner
in whichi global polarization builds up under electric field, the grain size and thickness dependence of
the permtiuvity and on the behavior of (Pbl.,Ba,)Nb2 0 6 crystals at compositions close to the

tet'agonal: orthorhombic morphoropic phase boundary.
-5

W' THE ROLE OF MICROHETEROGENErIY

A critical test for the Smolenskii model would be to find a system exhibiting ferroelectic
properties which could, without changing composition. be taken from a completely homogeneous

(regulaJ) distribution of cauons upon the B site of a Pb(B I B2)O 3 perovskite to a completely random
distribution which must then show local heterogeneity. The idea is depicted schematically in two

% dimensions in Fig. 4. The schematic in Fig. 4a was developed by tossing a coin and recording the
. head (black) and the tail (white) dots on a regular lattice--clearly there are large black/white

heterogeneities. If however, that structure is ordered Fig. 4b, full translational symmetry is
recovered, and the composition is completely uniform down to the unit cell scale. If the Smolenskii
hypothesis is correct we expect to see diffuse, dispersive relaxor behavior in the disordered state, and
sharp normal ferroelecuic transitions in the fully ordered state.

4100 000 0 40 0 0

-0 0 0 0 0 0 0 0 O

0 0 00 0 0 0

*00 00 00

' 0 * 0 0 0 
0 0 0 0 0

S0 :oo 0 0 0 0 0
0 0 000 0

00:0 0 0 0 00

00.o 00 00 0 0 0
000 0 (a) 0 0 00 0 (b)

-. A (B B2)03

Oisorded Phase Ordered Phase

8 rich regions Uniform Composition

-'- 82 rich regions Full Translational

Symmetry.

Disorder. W Order.

Reloxor V Sharp Transition

Figure 4. Two-dimensional illustration of order-disorder in a hypothetical B 1;B2 system, and

expected consequences for PbB I :B2)03 petovslcte.
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Studies by N. Setter (2) and A.J. Burggraaff (3) lead to the discovery and evaluation of order
disorder in Pb(Scl/2Ta11 2)O3 (PST). Because of the large difference in x-ray scattering the degree

., of order in the crystal or ceramic can be evaluated from the superlatice reflection which appears as a
consequence of the doubling of all dimensions of the unit cell (Fig. 5). Also, by comparing the width
of base lattice and superlartce reflections the size of the ordered domains may be estimated.

The major conclusions of the PST study are summarized in Fig. 6 which exhibits the structures
for ordered and disordered forms and the manner in which with on ordering the dispersion is lost, the
depolarization becomes much more abrupt and the optical properties revert to those of a normal
macrodomain ferroelectric exhibiting clear optical anisotropy below the Curie temperature.

Recently more direct.confirmation of the order disorder behavior in PST has been obtained by
C. Randal et al., as discussed in another article in this journal, where the ordered lead ion
displacements in the crystal which carry the ferroelectric response of the ordered state have also been
identified.

The conclusion then regarding the first question is tabulated in Table I and confirms the
onginal Smolenskii model.

S, 0.4(1560 , 20 min)

S80.5
(14000.30 min)

(III)(200

A s~oA

"-" S0 0.6
(l00, 15 min)

(1;0 ,2h r s.)

(II ---- (200

.-. S, 0.85

(10000, 24 hrs.)

,~*~~ , I , , , , I I
16 17 18 19 20 21 22 23 24 25

.'.'.'.2e*')

Figure 5. Superlattice line intensity as a function of annealing time in Pb(Scl/ 2 Tal/ 2)0 3
"-" showing change from disorder to order with thermal annealing.
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TABLE I

Conclusion from the experiments upon cation ordering in PbScI/ 2 Ta1/2 OJ.

In PbSc 112Ta1120 3

For the Annealed Cation Ordered State - no cation composition fluctuations.

Normal Ferroclecu-ic Properties

I Sharp I1st order change at T
S Stable remanent polarization

P3) No frequency dependence at radio frequencies in ferroelectric state
4) Stable birefnngencc:
5) Rhombohedral

For the Ouenched Capion Disordered Si±te -must have statistical fluctuations in Sc:Ta distribution on
q B

Superparaelectnic Propertes

1) Diffuse phase change
D No stable remanence

*3) Stiong frequency dependence
4) No stable birefingence
5) Cubic macro symnmetry to both x-rays and optical frequencies

THE PERSISTENCE OF MICRO POLAR RIEG IONS ABOVE Tc

To address the second question it is useful to focus atte2 lion upon properties of the crystal
which are controlled by the square of the electric polarization P . Clearly if random + - fluctuations
occur in P above Tc. P = 0 but p2 0 0. i.e.. a property which depends on P'2 should begin to be
affected at temperatures well above Tc.

In PMN. clectrosmtrive strain is given by

x - pQ1 1 P 2  . 1 P 2 + Q 12 P 23  a

2t.' Q1i 2  I Q1 p2 
2 +Q1 2 p

2
3  b

x33 =Q I P'1 + Q1 2P2
1 + Q, p2 3  c 3.1

x44 a Q44PIP3  d
x55 = Q44P2P3  e
x66 =Q44P IP-) f

-e Looking now at the thermal expansion in PMN. above a temperature To - 3500 C, the thermal
expansion follows a normal linear law of the form (Fig. 7).

% %0



0

RELAXO, FERROELECTRICS 249

iI
. ' I ' I ' I i

N 30 P"2M11,3 N0 2/ 3 )03

V
'o 20-

TEMPERATURE MC)

0. 3

Figure 7. Thermal sin S I vs. temperature for ceramic Pb(MgN12 3 Nb20 3)03
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I T - 0(1*+a(T -To)) 3.2

.,where 'Tin I0lgaT

ax = thermal extpansion coefficient

Clearly the thermal strain -

OT0 - 02040 0

. Below 3500 C. the rate of thermal contraction reduces continuously. If we attbute this
reduction to the elecuobtrictive consequence of an escalating RMS P. below 3500 C. The strain
produced is given by

I. -1 X2 2 -x 3 3 -( 1 + 2 jrp3

and since in PMN (Q, I > -2Q12) the set electrostrictive strain is dilatational. Tus the total strin
(thermal and elecustrictive) wtU be

... T =x22T x33T a( - To )+(QI 2Q 2  3.5D %,% %
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W From Thermal Expensiee

4 0

0

-200 -100 0 100 200 300
TEMPERATURE (*C)

Figure 8. Calculated values of RMS polarization tgdenived from thermal sain data compared
to hysteresis and pyroelectric measurements of PS in ceramic PMN.

If the total thermal effect x1 IIT is measured then equation 3.5 may be rearranged to give

p2 * xlIT + .(To - T)3.S (Q11  2Q12)3.

From known values of Q, I and Q12 and the higher temperature ax the temperature dependence
of p2 may be deduced. Figure 8 compares the calculated Jp7 against P, measured from
pyroelectrc depolarization, and against an ex npolated P determined earlier from dielectric hysteresis
by G.A. Smolcnskii et at. (4). Evidentally /P'4s has substantial values well above the Tc given by
the dielectrc maxtimum in weak field perrinimfvity.

The tungsten bronze structure crystal (Ba0 .40 Sr0 .6))Nb2O6 is also a relaxor ferroelectrc due
to fluctuations in the distribution of Ba and Sr over the five-fold and four-fold tunnels in the structure

.4 Fig. 9. Excellent single crystals of the 60:40 composition are available from a careful continuing
growth program at Rockwell (R.R. Neurgaonkar 5,6.7).

%
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For the tetragona tungsten bronze, the prototype symmetry is 4/mmm and the electrosurcLive
4' coupling takes the form

X1 =Q,1 P2
1 + Q 12P22 + Q3 1P2

3  a
x2 2 - QP 2

1 +QIIP
2
2 + Q 31P 2

3  b

x 3 3  Q1 3P 2
1 +Q 1 3 P2

2 + Q3 3P 2
3  c 3.7

x4 4 =Q 44 PIP 3  d
x55 = Q4 4 PIP 3  e
x6 6 = Q6 6PIP 2  f

In this crystal the ferroelecmc symmetny is 4 mm so that polar fluctuations are largely I P3
giving

x3 -Q3 3 p23  3.8

Similarly for the transverse strain

xi 1 = x2 2 = Q3 1P2
3  3.9

Typical thermal expansion data for c axis (3) orientation is given in Fig. 10a and again the
S.- temperature dependence of P2

3 may be deduced from the departure from linearity below 3500 C.
efcIn 60:40 SBN, the high quality of the crystals now permit the use of the quadratic electro-optic
effect to deduce P2

3 from the temperature dependence of the optcal birefringence, i.e.,

An = -1/2 no3 (9 33 -g 3 1 )P2
3  3.10

Again above 3500 C An is a linear function of T of the form.

An - Ano + j(T- TO) 3.11

Following the electosriction relation then

p2 1 nT - Ano + s(T TO)

/ 12no'(g33  - g3 1T 3.12

The behavior of the optical birefringence for single crystal SNB 60:40 is given in Fig. 10b.
.4-.. Since both electrosmction .d quadratic electro-optic constants are known for 60:40 SBN two

independent checks for I/P can be made. Figure II compares deductions from opucal and
electrostrctive measurements to the temperature dependence of P3 deduced from pyroelecmc studies

.. . (8). It is quite evident again that very substantial values of )P7 3 exist for a wide range of temperaure
above Tc.

Vp."
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47 FRO. THERMAL EXPANSION
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Fi cure 11. RMS polarization ,P deduced from thermal strain and optical birefringence data in
single crystal SON 61:39 compared to pyroelectric measurements of P3'

DYNAMCAL DISORDER IN RELAXORS

The third and probably most difficult question concerns the nature of the polar micro regions
which clearly must exist for a wide (2000 C) temperature range above T.. Is the polarity static.
leading to a glass-like structure, or is the disorder dynamical with polar micro regions undergoing
switching between different orientation states as in the superparamnagnet.

Some indirect evidence for dynamical disorder may be adduced from the mode of break-up of
long-range polar order induced by electric field at low temperature. The fact that order 'unpicks'
slowly on heating, and is not re-established on cooling suggests that polar micro regions can switch
out of long range order at temperatures well below Tc. Above Tc additional evidence for dynamcal
disorder can be obtained by measurement of the induced electrostrictive strain. We have
demonstrated that polar micro regions do exist for a range of temperature above Tc in the unaxzal
(Ba 0 . 4Sr0 .6 )Nb2O 6 bronze. Thus in this temperature range under external E field applied in the 'c'

(3) direction, there will be two very different mechanisms contributing to the electric polarization; (I)
modulation of the switching of already polar micro regions by the external field (2) change of theintrinsic polarization in the micro region, in nonpolar regions and change of the volume of micro

, ~regions. Since as is evident from Figure 10a. the crystal has aleady adjusted its shape to the
occurrence of Ps in the rmcro region and as +Ps and -P. states have the same strain, mechanism (I) is

* not shape changing and would thus give ze contrbution to electrost'iction mechanisms (2) on the
other hand, involves the inducton of new polarization and are thus shape changing and contributing
to electrostrcuon. If mechanism (1) becomes important in the temperature range above Tc, a

measurement of the induced strain in this temperature region should show anomalously low values
for electrosmction constant Q33 "

.%° %

, .
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polar micro regions musit have P. vectors which are dominantly along the four-fold axis so that
switching of plar' mim regions should not be induced by a field E I and Q, I should be noml

Figue 1a~bshow mesurment oL 3 3.Q3 1 as a function of temperature and it is evident
Lha the values are anomalously small approaching zero close to Tc. Measurements of Q11 on the
other hand. show values which ame quite normal, Fig. I Ic.
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Figure 12. Metasurements of induced electrostrictive strain in single crystals of SBN 61:39.
Figure l2a,b. Q33 and Q3 1 as a function of temperature.

Figure 12c. Q I as afunctionof temperature.
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PRELIMINARY CONCLUSION

From the evidence discussed it is suggested:
Fluctuations ins the concentration Of B IB2 cauions on the B site of suitable Pb(B IB 2)03

% perovsites are responsible for 1 e relaxor behavior.
The RMS polarization P has substanial values at temperatures more than 2000 C above the

mean Cune point Tc.
The miucro polar regions in the higher temperature region are being dynamiucally disordered by

thermal motion.
Relaxor ferroelectn-is are in some ways electrical analogues of the well-known

superparainagnets.

CONSEQUENCES OF DIFFERING LOCAL AND GLOBAL SYMMETY

Introduction

The original naive model for the expectation that polar micro regions should be undergoing
dynamically disordering in the thermal field was based on consideration of a simple

S.."q L'andau:Ginsburgh:Devonshtre (LGD) model for the multiaxial PMN ferroclectric in which the
appearance of a polar vector along any one of the <1 I11> directions would lead to a miunimum in the
energy of a certain value of P Pi

Clearly in the infinite perfect crystal all (Ii11) directions are identically equivalent by symmentry
and all energy nimura are of equivalent depth, Fig. 13. Questioning now what dictates the magnitudie

Model for a Relaxor Ferroelectric -

AG,

/ tA CtValumne
2 ~ 3, V

2.. l

4

volum -(2001) AG- 5hT

in perfect single crystals symmetry dictates

all <111l0 directions ore equivalent

Minima 1, 2,.4 ore identical.

Figure 13. Sketch of Elastic Gibbs Free Energy AG1 vs. polarization P for four of the eight
equivalent <I 11> orientations in a perovskite ferroelectric in the rhombohedral phase.

. . . . . . . . . . . . . . . .
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of the energy hills between domain states it is evident that neglecting surface terms. the energy AG is

propooiUrfl to the volume and that for a simple perovskite ferroeiectric with Curie point close to

:500 C G - 5 kT when the volume approached (200 A)3 .
In the relaxor ferroclectric, it is expected that the small micro polar regions are delineated by

,JmposIuon fluctuat"ons which dictate strong local fluctuations in Tc.On this model however. (Fig.

..,,,t1) iIs very unliely that the surrounding of each micro polar domain retains cubic or spherical
syrnrnetY. For example. in two dimensions (Fig. 141 it may be expected that composition gradients
on each side of the rmcro region will not be identical and thus that the energy minimum for the Il l
djection may be dissimilar to that for the TIT directon.

.1-Nc Generally then it must be expected that due to heterogeneity, the local symmetry will be lower
tin the global symmetry and for each polar micro region, the onentation states which must be
idenucal in both energy and onentation in the perfect crystal are now inequivalent in the local doniu.

: Two Dimensional Model for Rel Reloaxor

Les Ric 1/Rih in Nb
in Nb

r,

%" -room

Distance

SAG-h.

rP 5  P1

Spends less Spends longer

%41 time along M~ time along IIl
well is less deep. well is deeper.

Figure 14. One-dimensional illustration of the expected departure from global crystal symmetry
for a polar micro region delineated by a iighly asymmeic composiuon profile.
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Several important consequences ensue from this symmetry lowering.
I. If local minima are of differing depth and the polar region is of a size to permit dynamical
disordering, the polar vector will spend longer time in the deepest minimum so that the micro region
will have a net (weak) polar moment.
2. Crystal surfaces and grain boundaries in ceramics, will modify the symmetry for micro regions
close to the bounding surface. unbalancing the potential distribution of vector states and thus
probably reducing the fluctuanon component of the polarizability.
3. Polar vector directions may be perturbed from the family of orientations dictated by the global
symmetry and particularly in uniaxial systems, if the axial constant weakens off axis runima may
become stable leading to unexpected dispersions in the dielectric response.

Aging Behavior

PMN and its solid solutions with lead titanate (PT) have been used for some time in surface
deformable mirror technology because of the stability of dimensions. low effective thermal expansion
(Fig. 7) and high electrosmction. The absence of a stable orientation for the micro polar regions at
temperatures near Tc avoids problems with aging and self-stabilization in normal ferroelect"ics and

the fact that PM.N is a stoichiometric compound means that with care it can be prepared without
aiovalent defects. The fact however, that differences between local and global symmetry will give
,eaxly preferred direcuons for Ps in the polar micro regions means that polar defects should be able

to readjust to further stabilize Ps in the larger micro regions and thus to reduce the relaxation

component of permittivity and of strain.
Pure PMN: 10% PT the electrostrictor composition of most interest can be prepared so as to

e,ribit no aging even after 1,000 hours at 251 C (Fig. 15a). Doping with 0.1 wt% MnO introduces a
strong aging of the relaxation component of K1 and K1 I (Fig. 1Sb) with the dispersive component
being preferentially removed (Fig. 15c) but being recovered on cooling to temperatures below the
aging temperature. Aging is obviously not a log: linear relation as in normal ferroelectrics, Fig. 16a
and the magnitude depends srrongly on the doping level, Fig. 16b.

From a plot of K1 vs. K1 I over the full aging period, Fig. 17 following the method of Arlt it is
evident that a broad range of relaxation times is involved and if as in normal ferroelecuics the intrinsic
polanzabdity is almost loss free, it is evident that as expected the relaxat.ion carries a major fraction of
the total perrrumvity.

The aging behavior becomes explicable if we postulate that as in normal ferroclecuics polar
defects will slowly readjust their onen ,ation so as to lower the energy and stabilize existing domain
states. In the Sn doped PMN: PT, Mn with associated oxygen vacancies will form a defect dipole
pair which can reonent by motion of the oxygen vacancy. Due to the lower local symmetry. polar
micro regions will have a weakly preferred orientation which will act to reorient defects, further
stabilizing the polar vector. Clearly larger regions which 'flip' less frequently will stabilize first so
that longer relaxation times will be preferentially lost.

If as in normal ferroelectrics, aging is by volume stabilization of polar regions. Heating the
sample does not introduce new polar regions and the dispersion stays low. Cooling the crystal below
the aging temperature however, will introduce new unstabilized micro regions and dispersion is

recovered. As in a normal ferroelectic, orientation of the defect structure is energetically equivalent
to applying an internal electrical bias favoring the existing domain state.

For the retaxor ferroelectnc, aging under DC bias provides an interesting way to quantify this

pseudo bias. Aging under DC bias, short circuiting, then cooling without bias in a suitably doped

relaxor (Fig. 181 leads to a poled condition where the poling has been induced by the oriented

effective internal field ED. Comparing poling levels with simple DC poling of freshly deaged

samples shows that ED - 2.5 Kv/cm which is consistent with the expectation.

., V. - . . . . .-. .-k " . . . .. -. .A. . .. .,... W.. -. ._. t,.. , .-. . ,. .. , . ',.
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Figure 15. Aging behavior in pure and in 'doped' lead magnesium niobate: lead t:nate
(PM.N:PT) solid solutions.

Figure 15a. Pure stoichiometrc PMN:l0% PT material showing no aging up to 1,000 hours at
room temperature.

Figure 15b, Aging behavior of P.MN: 10% PT doped with 0.1 wt% M,,nO. Dielectric response K'
* vs. T after aging for different times at 200 C.

Figure 15c. Aging behavior of PMN:10% PT doped with 0.1 wt% MnO showing preferential
* aging of the dispersive component of K' which is however recovered for temperatures

below the aging temperature.
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Figure 16. Isothermal aging of PMVN: 10% PT with Mno doping.

SFigure 16a. Mustratng departure from the logarithmic aging law at longer tunes.

Figure 16b. Aging curves as a function of WnO concentration.
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Figure 17. Plots of K' vs. K" over the full 1,000 hour aging period for PMN: 10% PT with 0.1
wt% MnO doping.
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Figure 18. Dielectric constant (a) and thermal depolarization curve (b) for a ceramic PMN: 10% PT
doped with 0. 1 wc% MnO and aged for 300 hours at 22 Kv/cm DC bias applied at
room temperature (250 C).

Curve c is the conventional curve for a sample aged under similar conditions but
without DC bias.
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Poling. Depoling, Grain Size, and Surface Effects

Earlier studies by Yao Xi (8) using the ferroelectric relaxor PLZT at the composition 8.65.3have shown that the poling and depoling of the hot-pressed transparent ceramic is consistent with th,- build-up and decay of macro domains from constituent micro domains. Ceramics can be quenche," into a stable micro domain structure at low temperature, then under DC bias a stable macrodomair' state can be induced with both field and temperature affecting the kinetics of the build-up. Mor, recently simdiar studies have been carried forward on fully dense compositions with a wide range o
grain sizes. These data (9) suggest that near the grain boundary there is a region of reduced wea,

* field pemrnttivity and enhanced asymmetry. Finer grain ceramics depolarize at lower temperature an.
- . take higher fields to repolarize. However, the saturation polarizaton is not affected by the grain siz

- eventhough the coercivity is markedly enhanced in the finer grained samples.Using extremely grain grown PLZTs it has been possible very recently to explore the hicknesdependence of the properties of single grain thick samples. In these crystals it is evident that near Lh
free surface there is again a region of low weak field penTutnvity. That these crystals exhibit highecoercivity than thiL. but that the maximum polarization is n= dependent upon thickness.

It is interesting to note that TEM studies by Clive Randal et al.. reported in another par.r in thiissue confum the presence of ucro domains in quenched samples of an 8.2:70:30 PLZT and show
explicitly the build-up of a macro domain structure under electric bias.

Onentational Effects of Local Symmetry

A most interesting solid solution in the family of tungsten bronze ferroelectrics is that berweerPbNb20 6 and a hypotheical Ba.Nb,0 6 end member. In the range of the bronze compositions there
.- ... is a fascinating morphotropic phase boundary (Fig. 19) separating orthorhombic (mm2) and

Pb,_.Ba, Nb2 O6.... 600 1,,OCT. I I I
a

, Tetroonal

T 4mmm
4-00 400- T

Orthorhombic TetragonalW
2o. mm2 - 4 mm

S200:

a...- I, I \
4.---\/

0 0  20 40 60 80

MOLE % BARIUM
Figure 19 Illustration of the Niorphotropic Phase Boundary between Orthorhombic (mmn) 3r"

Tetragonal (4rm) phases in the PbNb20 6 :BaNb 2O6 tungsten bronze ferroclecu
phase diagram.
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te phss Since in the Prototype 4/mrnm symmetry. there is no coupling

bccwwn fou.fold &W rtwfold axes these two modes of polarization are unrelated and have separate

Cun, Weiss ten Pera.MM ('91 and 03). Evidently 81 decreases with Ba addition to PbNb2O9 and 83

,ntaaso that near crossover the system switches from orthorhombic ferroelectmc: (P, along 110)

10t.gnlfereeti (P5 along 00 1).
From a simple L:G:D phenomenology (10) (11) it is possible to deduce the expected behavior

)the anisotropkc weak field permittivity in the orthorhombic. Fig. 20 and tetragonal, Fig. 21
U'regions. Since the electro-OPuc constants r33 and 151 depend on K3 and K1 respectively, the high

values Of permnittivity which occur in the polar phases are of high practical as well as theoretical

Experimnental measurements in both phases confirm the broad features of the phenomenological

,,ectauon (Fig. 22. 23, and 24) however, at lower temperature it is evident that both K 1 and K3

have relaxato caracter freezing ou to much lower values. We believe that these are the first
insanc$ o stongrelaxation in the perttivity perpendicular to the polar axis in a ferroelectnc phase

,here clearly they can not be associated with a conventional domain wall relaxation.
On the basis of a relaxor model it is suggested that this unusual relaxor behavior may be

associated with small departures of the polar axes from the simple < 100> <1 10> family of directions

in tetagonal and orthorhombic macro symmetries.
For the situation depicted schematically in Fig. 25 it could be that there are two types of

barriers for 100 and 110 type switching so that the deeper wells cause a freezing out of the

5sihability in the ferroelectrc direction, at much higher temperatures than the weaker well freezes
,ut the polazizability in the perpendicular direction.

Thus, even in the polar state, the orthogonal component of polarizability retains relaxation
c.haracter to freeze out at much lower temperature. That the lower temperature maxim are not simple
froelectric phase changes has been confiumed by pyroelectric tests which exhibit no current maxima
in tie vicinity Of the freeze OUL

N'C

increasinicrgsin

* T
* With respect to the tetrogonal axial system

Figure :0. Schematic diagram of the expected weak Field dtelecr.c behavior in the orhorhombic
ferroelectnic phase of Pb 1-,BaNb2,Of as the composition approaches the
morphotropic boundary from the lead nch Nide.
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Figure 2 1. Schematic diagram of the weak field dielectric behavior in the zetragonal ferroelecnrc
phase of Pbl.xBaxNb,0 6 from the barium rich compositions.
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at afequncFigure 22. Weak field dielectric permittivity vs. temperature in PbO6 Ba'0 .4 Nb2 aaO6Q6 at a frequcy
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Figure 23. Low temperature dielectric dispersion in ( c over the frequency range 100 Hz to I
MHz in Pb0 6 Ba0 .4 Nb20 6 a composition in the orthorhombic phase field close to the

* MPB.
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Figure 24. Low temperature dielectric dispersion in C a over the frequency range 100 Hz to I
MHz in PbO.s6Ba0.44Nb 2O 6 a composition in the tetragonal phase field close to the
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0 Figure 25. Schematic diagram of the proposed free energy in the tetragonal compositions cjOse to
%. .% the MPB (a) and in the orthorhombic compositons close in to the MPB (b).

Again it is postulated that due to compositional heterogeneity local symmetrY is lower
%.? than the global synnetry of the crystal.
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yLMA~l AND CONCLUSIONS

A broad family of expenmeanW evidence has been presented which suggests that the relaxor

f,clccic crysUs aW ceramics may be the electrcal analogues of superparamagnets. Ordenng

-sludics 
have show that compositional heterogeneity leading to a breakdown of translational

ymanetry is responsible for relaxor ch.acter. Electrostricuve and electro-optic measurements

det"strate a the RMS polarization sP's has large values at temperatures well above Tc the mean

,ric Point.AM induced electrosuicuve distorton has been measured to establish that the fluctuations
SP am dynaical above Tc.

Aging. poling, and depoling grain size and thickness dependence of the dielectric properties

have been demonstrated to be consistent with a model in which the local symmetry of the fluctuating

imcro polar region is lower than the global symmetry, giving rise to an inequivalence between

-"altenveonentation states. In the tungsten bronze structure ferroelectrics in the Pb.,BaNb206
solid soluton family at compositions close to the ferroelectric: ferroelectric morphotropic boundary, it
is suggested that the lower symmetry of the local orientation states may be responsible for the most

unusuil dielectric dispersion evident in the polar phases.
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GRAIN SIZE DEPENDENCE OF DIELECTRIC AND ELECTROSTRICTION
OF Pb(Mgl/ 3Nb2/3)03-BASED CERAMICS

THOMAS R. SHROUT, UMESH KUMAR, MOHAMMED MEGHERHI, 1ING YANG
A14D SEI-JOO JANiG
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract. The dielectric and electrostrictive properties
of relaxor ferroelectric Pb(Mg]/3i1b 2/3)03-based ceramics
are strongly affected by the microstructure with emphasis
on the grain size. Both the dielectric constant K and
electrostrictive field coefficient (M) were found to
increase with increasing grain size whereas the electro-
strictive polarization coefficient Q was essentially inde-
pendent of preparation. It was observed, however, that
factors other than grain size, such as diffuseness of the
phase transition, must also be taken into account to ex-
plain microstructural effects on various properties of
relaxor dielectrics.

INTRODUCTION

It is documented and commercially realized that electrostrictive
materials such as Pb(Mgl/ 3Nb24 3 )03-based ceramics (PMN) are
suitable for application in ultra-precise position actuators,
especially in the field of adaptive optics.1 In such applica-
tions, the materials are required to deform up to 0.1% in
strain without hysteresis and with displacement control in the
range of t 0.01 Lm. Thus the material's dielectric and electro-
strictive characteristics must be well understood. As in vir-
tually all ceramics, and especially piezoelectrics, the desired
properties vary with sample preparation and resultant micro-
structure with emphasis on grain size. It is believed that the
properties of electrostrictive materials are also highly depen-
dent on grain size.

Preliminary work by Uchino et al. 2 revealed a large de-
viation in the electrostrictive strain magnitude as well as the
hysteresis strain level in PMN ceramics. Similar effects were
also observed in PLZT ceramics.1  In the case of PMN, however,
Uchino only slightly modified the grain size and in the attempt
had to modify the composition by going MgO deficient which re-
sulted in a second phase, that being pyrochlore, which in itself
is detrimental to dielectric and other properties.

It is the purpose of this paper to report the electrCstric-
tive p-operties of stoichionietric single phase PMN-based ceramics
exhibiting a wide range of grain sizes as well as their effect on
dielectric and other properties.
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EXPERIMENTAL

The electrostrictive material chosen for this study was a solid

solution composition 0.93(Pb(Mgl/3Nb 2/3)03-0.O7PbTiO3 (PMN-PT)).
This composition was selected because its Curie temperature is
near to that of room temperature. The Pt4N-PT powder was pre-
pared by solid state reaction using the appropriate amount of
reagent grade raw materials* of lead carbonate hydroxide PbCO3 .
Pb(OiI)2**, magnesium carbonate hydroxide MgCO3 .Pb(OH)2 , titanium
dioxide*** TiO 2 and niobium pentoxide**** Nb205 . Since it is

well known that the formation of perovskite PMN is difficult to
fabricate in single phase form without the appearance of a
parasitic pyrochlore phase (Pb Nb4013), the columbite precursor
method proposed by Swartz and Shrout was used. The precursor
inethod is as follows:

11000 C/4 hrs

i, 0.93MgO+0.93Nb205+0.2lTiO2 - -- > Mg0 .9 3Nbl. 8 6Ti0 .2 106-Columbite

7008 C/4 hrs

PbO+]/3Mgo.93ib 1. 8 6Ti 0 . 2 10 6----- > 0.93PMN-0.O7PT-Perovskite

In processing the columbite precursor, the poor dispersion
characteristics of MgO powder can lead to insufficient mixing
intimacy and thus incompletely reacted calcined powder. To in-
sure proper mixing, both steric hinderance (polyelectrolyte dis-
persant) an electrostatic repulsion (pH adjustment by ammonia)
dispersion mechanisms were required to prepare a 25 vol% slurry
with deionized H20. The slurry was vibratory milled, followed by
drying and calcination at 11000 C for 4 hrs. The calcined slug
was pulverized using a hammermill and the appropriate amount of
PbO was added. A 30 vol% slurry was prepared and vibratory milled
followed by drying and calcination at 700 C for 4 hours. Both
the colummbite and subsequent PMN calcines were examined by X-ray
diffraction to insure phase purity. No second phase pyrochlore,
within the detection limits of the X-ray diffractometer, was ob-
served. To obtain yet a more uniform and reactive powder, the

0 calcined PMN-PT powder was milled as above, to a particle size
of ' 0.9 u (50%) as determined by a Microtract Particle Size
Analyser.

*Haowmond Lea.. Products, Inc., White Lead grade HLPA (99%).
**Fisher Scie..tific Co., Magnesium Carbonate purified grade.
***Fansteel Metals, Hb205 Tech. Grade (99.5%).
***Whittaker, Clark and Daniels, TiO 2USP Grade (99%).

.1'.
4-~,*.~%~*** %~ ,.-., VV



GRAIN SIZE DEPENDENCE OF DIELECTRIC AND ELECTROSTRICTION 481

Disks were prepared using PVA binder followed by burnout
prior to sintering. Sintering was performed over a temperature
range of 950' C to 13000 C for various times. To prevent PbO
volatilization, the disks were fired in a coarse PMN sand of the
same composition. Generally a heating rate of 9000 C/hr. was
used to further help prevent PbO loss. Weight loss, geometrical
density, and grain size were determined for all the various firings.
The grain size was determined on fracture surfaces monitored by
SEM. Samples having densities greater than 90% theoretical were
surface ground and electroded using sputtered on gold.

The dielectric measurements were carried out on an automated
system (described in Reference 4). Both the dielectric constant
and dissipation factor were measured pseudo-continuously at
various frequencies (100 Hz, 1 kHz 10 kHz, and 100 kHz) as the
samples were cooled from 1250 C to -55' C. Typically 3-4 samples
from each thermal history were measured. The parameters used
for analysis of the dielectric data were the maximum dielectric
constait (1 kHz) and the temperature (Tc) at which this maximum
occurred. Since most of the samples had approximately the same
density, no correction for porosity was made.

The electric field (E) induced electrostriction strain
(transverse) coefficient M1 2 expressed in the following equation,

S2 = M12E1
2  (1)

Swhere S is the transverse strain, was determined using a resistive
strain gauge technique, under an a.c. electric field of O.1 Hz
applied to the sample. In conjunction with a modified Sawyer-
Tower system, the electrostrictive polarization Ql2 coefficient
as expressed by the following equation was also determined

S2 = Q12P1
2  (2)

RESULTS A14D DISCUSSION
.,...

Physical and dielectric properties of PMN-PT samples as a function
of thermal history are reported in Table 1. As tabulated, firing
as low as 9500 C for at least 4 hrs could result in densities

* greater than 95' theoretical (- 8.11 g/cc). In general, the
weight loss of PbO was maintained in the range of 0.5 to 1.5 wt"
with slightly higher losses occurring at higher temperatures.

Also reported in Table 1, is a wide range in grain sizes
( 1.5 o, to 9 w) for the various firings. It is clearly evident
that low temperature firings resulted in relatively small grain

* sizes (2-3 u) with grain growth occurring at higher sintering
temperatures. Even at sintering temperatures as high as 13000 C,
which is near the melting point, however, individual grains larger
than 15 i, could not be achieved whereas grains greater than 20 W

were reported in Uchino's work. Lack of large grains can be

%
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-.. attributed to the fine and uniform stoichiometric powder thus
being less susceptible to abnormal grain growth. Also evident
from Table I was the fact that sintering times had little affect
on grain growth. Typical photomicrographs from fractured sur-
faces are shown in Figure 1. As observed in the case of most
lead-based relaxor dielectrics, the fracture was intergranular be-
lieved to be the result of a weak amorphous PbO grain boundary
phase.5 However, for certain samples fired for extended periods
of time, the fracture was transgranular. io explanation as to
why both types of fracture occurs can be given at this time.

:.4-

II
. Figure 1. SEM photomicrographs of fractured surface of PMN-PT

samples (left-1f500 C/0.5 hrs.; right-12500 C/20 hrs.).

FIRING COIOITIOIS WT LOSS p (glcc) GRAIN SIZE k6.. T, (C 6 ('C) *MI(x1016m2v-?) Q (x O'2m
4
C

2
)

95.0' C-0.5 Mis 0 51 7.4 1.5 a 11.500 24 SI8 -0.60 -0.5s

4 Mrs 0.7 7.83 2 13.000 22.8 so -0.74 0.47

48 hrs 0.6 7.88 2 20.300 --- 39 -1.20 -0.59

I]0* C-C S hrs 0.8 7.88 2 12.600 20.6 57 -0.47 -0.47

- Itirconate sand) (0.97) (14.800) (47)

4 hrs O.S 7.91 3 15.700 20.5 44 -1.31

"0 hrs 1.1 7.89 3. 16.800 22.2 43 -1.38 -0.4S

* 150 C-0.S nri 0.7 7.87 3 13.500 19.7 48 -1.06 -0.59

izirconate %and) (0.87) (15.100) (47)

4 Mrs 1.0 7.?b8 3 17.800 --- 43 .1.27 -0.56

11250' C-0.5 Mrs 1.1 7.84 S. 17.5000 --- 44 -1.4S -0.53

- . M s 1.2 7.82 6.5 20.800 18.4 42 -1.52 -060

- 70 Mrs 1,45 7.76 9. 22,800 17.9 39 -1.59 -0.70

130 '* C-0 5 rs 1.1 7 82 6 21.000 18.7 41 -1.66 -0.49

*T,"S)siaular fracture ooserved.

-" " , d~t~rpter al at E-f'eld of It406 v/r1.

-4.- I Pmysicl~ . Oielectrical. and Elctrostrictive Properties of PIV5-PT Ceramics.
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Dielectric Properties
Characteristic of relaxor ferroelectrics, all the samples exhibited
similar frequency dispersion behavior of both k and loss. Typical
k vs T curves (@ 1kHz) for several samples fired at various tem-
peratures with similar hold times and their corresponding grain
sizes are shown in Figure 2. As clearly evident from Figure 2,
there appears to be a significant dependence of k with grain size,
with k increasing with grain size. Similar results were reported
Dy Swartz et al. 4 The grain size dependency is believed to be
attributed to low dielectric constant continuous or semi-continuous
amorphous gra"n boundary phase (,. 5 to 10 nm) comprised primarily

of PbO( 5 ,6). A plot of kmax as a function of grain size for all
PMN-PT samples reported in Table 1 is shown in Figure 3. As
evident from the figure, PiN-PT samples having similar grain sizes
can have drastically different levels of kmax. This is especially
observed for samples fired at lower temperatures (950 to 10500 C).
One possible explanation could be related to the amount of the
amorphous PbO grain boundary phase present. Empirically, samples
with higher weight loss due to PbO volatility, have in general,
higher levels of kmax. Further evidence of the effect of PbO
weight loss on kiiax was investigated by firing PMN-PT samples in
a coarse zirconate sand, which promoted PbO weight loss during
sintering. As expected, such samples had significantly higher k
than their fired PMN-sand fired counterparts. As a note, such
firings in the zirconate sand were only successful at the lower
firing temperatures and short times where reactivity between the
Priji-PT samples and the sand was minimal. PMN-PT samples with
higher weight loss also had slightly shifted Tc (downward) also
reported by Swartz.

4

A, ~~~~~~~~~~25000 ___________________

(1) -I 05ft,0. WS
20000 (2)-I 15C/O. WtrsI--.

z 1) M- 12504C/0.W5gs,
< ~(4) -130f]t/0. sl ,

Z 15000
C3

o - 000I

LU 5000J

0

-55 -35 -15 5 25 45 65 85 105 125

TEMPERATURE (0C)

Figure 2. Dielectric constant k vs. temperature (@ 1 kHz) for

PM14-PT samples fired at various temperatures with similar hold times.
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The dielectric grain size dependency explanation presented
above neglects the fact that the starting PMN-PT powder was
stoichiometric and that all the samples had weight loss due to
PbO volatilization. Thus the question arises, where did the
amount of PbO grain boundary phase required to significantly vary
the bulk dielectric constant come from? Perhaps phase(s) such
as pyrochlore and thus free PbO are present but in quantities

-. Outside X-ray diffraction limits.
A further explanation of the wide range of kmax's for

similar grain sizes was believed to be related to the level
of diffuseness: of the phase transition. For ferroelectrics
with diffused phase transitions, the law 1/k - (T.Tc)2, has
been shown to hold over a wide temperature range instead of
the normal Curie-Weiss Law(7,8). Given that the local Curie
temperature distribution is Gaussian in nature, a level of dif-
fuseness (6) can be determined from the plot of the reciprocal
dielectric constant as a function of (T-Tc)2 as given by the
expression

, 1 ". I (T-Tc)2

(3)"k k ax 2ki16 2

where T is a temperature above Tc, and kmax the y-axis intercept.
Figure 3 shows a plot of I/k vs (T-Tc)2 for various PMLN-PT

samples with various thermal histories. As shown, it is clear
that samples fired at relatively low temperatures and short times

_'C. had significantly higher slopes and thus larger diffuseness param-
eters (6). The diffuseness parameter 6 for all the samples can
be found in Table 1, and when plotted as a function of kmax, as
shown in Figure 4, a good correlation even for equivalent grain
sizes was observed. The variation in diffuseness of the phase
transition may be the result of defects produced during high
energy milling which essentially anneal away during sintering.

4' The less diffuse nature of PMN-PT samples fired at higher tem-
peratures (or longer times at lower temperatures) could also
be the result of short range ordering of Pb vacancies as pro-

0.- posed by Randall et al. 9, which would also correlate to the
higher weight losses presented earlier.

Along these sane lines, a model proposed to explain the grain
size dependence of the dielectric constant in (Pb,La)(Zr,Ti)0 3
(PLZT) cerar,;ics]O was believed to be the result of steep
compositional gradients near the grain boundary. This region
being highly stressed and disordered affects the thermal reor-

0 ientation of polar micro-regions and acts as a reduced dielectric
constant boundary layer. Thus larger grain size samples exhibit
higher dielectric constants. The above model works well to ex-
plain the grain size dependence of dielectric constant found in
PMNJ-PT reported in this work. Perhaps a reduced polarizability
boundary region is the result of the high energy milling of the

,."

0
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N r. powder. For samples with small grains yet having large dielec-
% tric constants, such as the 950* C/48 hr samples, the long thermal

treatment effectively anneals away the defective boundary region.
Henceforth, if the degree of disorder (or order) can be main-
tained by proper thennal treatment, little if any grain size de-
pendency on the dielectric properties will be observed. Clearly,
however, an extensive amount of work is still required to quan-
tify the above proposed model.

O.g3 PMN-O.07 PT
PHN Sand:Heatin 9 rate- 900/Hr

,':-. O 40. 00024

2. 1050*C/0. S hr3. 11| 50"C/0. 5 h

4. 1250C/0. 5 hr

0.0000 S. 1300OC/0. 5 hr,
o wM 12000

.'/ (TIc)2

Figure 3. Reciprocal dielectric constant vs. (T-Tc)2 for various
PMA-PT samples.

PS Electrostriction
Typical strain-field curves for several PMN-PT samples of varying
grain size are shown in Figure 6. Unlike the results by Uchino
et al. 2 , the level of strain hysteresis, the deviation of strain
between rising and falling fields, was found to be very small for
all PMN-PT samples regardless of their thermal history.

Both electrostrictive field (Ml2) and polarization (012 coef-
ficients determined for the PMN-PT samples are reported in Table
Ii. As expected, samples with larger grain sizes, but more im-
portantly higher dielectric constants, had the largest electro-

* strictive polarization strain levels, and thus the higher M1 2values. The electrocstrictive polarization coefficient Ql2, how-
ever, was found to be virtually independent of thermal history
whether it be grain size, weight loss, etc. Values of Q12 re-
ported in this work were found to be similar to those reported

.

<. ,.,,,-,,:.,..,,:;,-,.- ..,.:.:.,...-. ,,.-............,..,,..........,................................,................,............,..., .;
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elsewhere.11

.1 24000

,. • 22000

20000

140004 •M--U 15000

3+ ' 516000

IU 14000

120000

10000 __ _ _ _ _ _ _ _ _ _ _ _ _ _ _

35 40 5 50 55 60

* DIFFUSENESS COEFF 0C)

Figure 4. Dielectric constant kmax as function of disorder
parameter 6.

3,,, r.
-. - 3un

?: I

-.-um

.1.*

0 I., .0 -0.5 0.0 0.5 1.0 l.S 2.0

I I I IP I I fLID ( UV M)

I0 Figure 5. Electrostriction curves for PMiN-PT samples of different
Svthermal histories.
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SUM4ARY

The dielectric and electrostrictive behavior (M) of PMN-PT cer-
ai,ics is strongly affected by preparation history. Both k and M1 2
were found to significantly increase with grain size. However,
grain size alone could not explain all the results whereas the
level of the diffuseness of the phase transition must also be
taken into consideration. No significant affect of thermal his-
tory on the electrostrictive polarization coefficient (Q) was
observed.

To further substantiate the origin of varying degrees of
disorder (order), further work using pyroelectric measurements
to investigate macro- and micro-polar behavior and TEM techni-
ques must be employed.

In conclusion, to insure optimum properties for electro-
strictive actuators, particularly if small grain size is de-

% sirable, as for the case of multilayer actuators, careful
thermal preparation must be used.
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thawed and stored over molecular sieves to be free vacuo to give a vhite residue. This residue was not
of both H20 and 02. Manipulations with ZnClI and analyzed, but was assumed to be the desired
the moisture sensitive Nb(OEt), Ti(OR), and Zn[Nb(OEt)] 2.
potassium were done under anhydrous N2 atmo- To prepare the Pb sol, a 250 ml flask was charged
sphere. The reaction vessel employed for sol for- with Pb(OAc)..3H:O (5.09 g. 13.4 mmol) and 2-
mations was a simple distillation assembly. This MOE (100 ml). The solution was heated until the
consisted of a three-neck round bottom flask temperature of the condensing vapors reached that
equipped with a N2 purge (to prevent moisture from found for pure 2-MOE (122-123°C under our con-
entering the system during cooling cycles) and a ditions). To this anhydrous Pb sol, maintained at
thermometer to monitor solution temperature, a z80C, was added Ti(O-i-Pr)4 (0.36 g, 1.2 mmol)
Claisen stilihead adapter (for sequential addition of and a 10 ml 2-MOE solution of the Zn[Nb(OEt) 6 ]2

reagents), a thermometer for monitoring the vapor residue. This reaction solution was heated until the
temperature and a condenser. temperature of the condensing vapors reached

This sol-gel route involves the reaction of the 123'C. It was then immersed in a liquid N2/i-PrOH
organometallic compound Zn[Nb(OEt),] 2, gener- bath ( -20°C) and a solution of distilled HO
ated in situ, with a sol containing the appropriate (0.97 g, 54 mmol) and 2 ml 2-MOE was added drop-
amounts of Pb and Ti. While Zn[Nb(OEt) 6j 2 has wise. Gelation occurred within 3 h to form a yellow
not previously been synthesized and reported in the gel. This gel was dried in vacuo to yield a white
literature, Mehrotra and co-worker have reported the amorphous powder (5.3 g).
preparation of similar complexes, such as

%x Zn[AI(OR)4 12 and Ni(Nb(OR).1 2 [8]. A reaction
, pathway similar to Mehrotra's [8] was chosen to 2.2. Heat treatments and measurements

% generate Zn[Nb(OEt) 6 ]2 in situ:
U OH -.No ,,, The amorphous powders were heat treated under

K -KOEt ,KNb(OEt) 6  various firing conditions. Temperatures were varied
EOH from 325 to I I00°C, and were held for periods of

,% time ranging from 15 min to 2 h. Samples were heated

- Zn[Nb(OEt) 6 2 + KCI. (1) either at a slow temperature ramp (; t 125°C/h) or
EIOH by fast-fire (samples placed directly in furnace

% A c n e dalready at the desired temperature). Sample cooling
As this compound was expected to be very moisture was attained either by a slow cool process (samples
sensitive, all handlings were done in dry N2 atmo- cooled in the furnace with power off) or by a water
sphere and all flasks were flame-dried while under quench method.
Svacuum. The relative amounts of perovskite and pyrochlore

The synthesis of KNb(OEt) 6 was reported by phases at room temperature were determined using
.- Mehrotra et a. [9. A 100 ml Schlenk flask was powder X-ray diffraction patterns. Powder X-ray

* charged with 16 ml anhydrous EtOH, potassium diffraction studies of these samples were performed
(0.32 g, 8.2 mmol) and Nb(OEt) 5 (2.59 g, 8.14 using Cu Ka, (A=1.54059 A) radiation with a
mmol). This faint yellow solution was refluxed 2.5 SCINTAG PAD V diffractometer (SCINTAG Inc.,
h to give a colorless solution. To this was added a 13 Santa Clara, CA, USA) at 40 kV, 35 mV and scan
ml EtOH solution of ZnCI2 (0.56 g, 4.1 mmol) via 2 deg/min. The major X-ray peak intensities were
canula and a precipitate (KCI) formed immediately. measured for the perovskite and pyrochlore phases,

* The reaction mixture was refluxed 1.5 h to be sure i.e. (110) and (222), respectively. The percentage of%I ,. that reaction was complete. Toluene (I10 ml, dry and
t i mudperovskite phase was calculated using the following
degassed) was added to decrease the already slight equation:
solubility of KC1 in EtOH. The resulting mixture was

r.4 filtered (Schlenk frit, still in N2 atmosphere) and the % perov= 100 Ip/(pyro + lpro ). (2)
solvent was removed from the colorless solution in

397
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3. Resulls and discussion calcination temperatures, the materials that were
slowly heated, calcined for 60 min and allowed to

To study the effect of calcination conditions on the cool slowly were essentially the same % perovskite as
stability of the perovskite phase, the sol-gel derived those that Ahere fast-fired, calcined 15 min and H 20
0.91 Pb( ZnNb2,,3 )O 3-0.09PbTiO 3  amorphous quenched. Contrarily, at calcination temperatures of
powder was calcined at different temperatures for 900 and I 100°C the materials that were slowly
varying periods of time with different heating and heated, calcined for 60 min and slowly cooled were
cooling ramps. Table I shows the results of this study very different in the % perovskite than those that were
in terms of the percentage of perovskite phase fast-fired, calcined only 15 min and H20 quenched.
detected (eq. (2)). The formation of perovskite phase For the 60 min calcination at I 100°C, varying the
occurs within the temperature range from -900 to heating and cooling ramps produced no change in

1100°C. The maximum amount of perovskite the amount of perovskite phase formed (see the last
phase stabilized was 75% at a calcination tempera- four entries in table I). This suggests that it is the
ture of 1000°C. At temperatures <900'C, pyro- time period of the calcination that determines the %
chlore (P3N,) is the only phase observed (by X-ray perovskite formed and not the heating or cooling
diffraction). At temperatures > 10009C, the amount ramps employed.
of perovskite phase decreases probably due to the loss Fig. 1 shows the powder X-ray diffraction patterns
of PbO at higher temperatures. It has been shown of samples heat treated at various temperatures for
that the loss of PbO favors the formation of the pyro- I h periods (slow temperature ramp and slow cool-
chlore phasse in PMN ceramics [ 12,131. At calcina- ing employed). It is apparent from fig. I and table
tion temperatures > I 100°C, the perovskite phase is
probably not stable at all and none was detected.

The time periods and/or the heating and cooling
ramps show a peculiar behavior within this temper-

or %.: ature rang (900 to 100°C). At the 950 and 1000°C

Table I Pe
Amount of perovskite phase formed as a function of heating and
cooling ramps

Calcination Time Heating Cooling % d

temperature (min) method method perovsknte
('C)
650 60 ramp slow 0
750 60 ramp slow 0 €

800 Is fast-fire quench 0
1850 60 ramp slow 0
900 15 ?ast-fire quench 55 PY
900 60 ramp slow 25
950 15 fast-fire quench 63 PY
950 60 ramp slow 65 A L
975 Is fast-fire quench 66

1000 15 fast-fire quench 73
1000 60 ramp slow 75
1025 15 fast-fire quench 61 2

1050 15 fast-fire quench 65
1100 15 fast-fire quench 63
1100 60 ramp - slow 29 Fi. 1. Powder X-ray difflraction patterns of the sol-gel derived

I 00 60 ramp quench 33 PZN-PT amorphous solid heated at vanous temperatures: (a)

I luO 60 fast-fire slow 30 440"C, (b) 850"C, (c) 900"C. (d) 1000'Cand (e) 1125"C. P,
1100 60 fast-fire quench 30 and P, denote the p)rochlore and the perovskite phase.

respectively.
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I that the p)rochlore (P3N4 ) phase is formed in the perovskite PZN ceramics. ZnO and Nb 2O were
SiOw-temperature region prior to perovskite phase prereacted to form ZnNb 2O., followed by subse-

formation. This p rochlore phase was observed to be quent reaction with PbO. The product of this reac-
forming even at 325°C (not shown). As there were tion turned out to be pyrochlore, and the perovskite
a few small X-ray peaks that could not be indexed, phase could not be stabilized in PZN ceramics by this
there may be a small amount of some unidentified method. This signifies that the reaction kinetics are
phase(s) present. not the only determining factor for pyrochlore for-

Differential thermal analysis (DTA) curves of the mation in the PZN system. As this method has also
amorphous solid show a large exothermic peak from failed to stabilize the perovskite phase in other cases
340 to 600°C attributed to burn-off of the organics, (e.g. Pn(Zn'1 3Ta23 )O3 and Pb(Cd, 3Nb2,3 )03), it
and an endothermic peak from 860 to 930°C, which is apparent that the thermodynamics of these sys-
we attributed to perovskite phase formation. This is tems must also be considered.
consistent with the results of the heat treatments, as The relative stabilities of the pervoskite and other
perovskite phase was not observed at temperatures possible structures for the ABO 3 family of ceramics"," below 900C. As pyrochlore was observed een at
bAp r b ehas received a great deal of attention over the years.

.. temperatures as low as 325°C, the peak due to pyro- The two basic requirements for the stability of the
chlore formation must be lost in the large organic perovskite structure are: (I) the ionic radii of the
burn-off peak. cations should be within proper limits and (2) the

To understand the causes for pyrochlore forma- cations-anions should have a strong ionic bond. The
tion, the reaction kinetics and thermodynamics of first requirement refers to the size of the perovskite
the system must be considered. There have been rel- unit cell. Goldschmidt suggested the concept of a tol-
atively few studies concerning the formation mech- erance factor (1) to describe the stability limits of a
anisms and kinetics of these ferroelectrics, with much crystal structure in terms of the ionic radii [ 14]. The
attention directed at Pb(MgU 3Nb2 3 )03 (PMN). perovskite structure was concluded to be expected
Several studies indicate that the reactivity of the-.-xiSeera s(rtudes ide t the orrepiy Bf ste within the limits t=0.88 to 1.09 (when the ionic radii
oxide MgO (or the oxide of the corresponding B' site for the A site cations are corrected for coordination
cation in other such Pb(B'B")0 3 ferroelectrics) is number 12). The second requirement concerns the
directly related to the formation of the perovskite ionic character in the bonds. The difference between
phase. Variations in processing that improve the t on aite s on and in istpron
reactivity of MgO, such as finer raw materials [10], the electronegativities of a cation and anion is pro-

mixing/milling (improve dispersability 1101, porional to the degree of ionicity within the bond.

repeated calcinations [10], and the sol-gel tech- In an effort to understand the relationship of these

nique [I I ], result in a significantly increased amount two basic requirements in determining perovskite',' .:-"structure stability, Halliyal et a. [115 ] reported a plot
of perovskite PMN. No such variation in processing,
however, has yielded a 100% perovskite PMN of the tolerance factors and electronegativity differ-homatera yences for several known ABO,-type perovskite corn-material. 1%

Realizing the importance of the reactivity of MgO, pounds. An important trend becomes apparent as a
-.Swanz and Sbrout 12] devised a method for the result of this plot. Compounds that have both large

preparation of pyrochlore-free PMN ceramics. This tolerance factors and large electronegativity differ-
approach involves prereacting the B' and B site ences, e.g. BaTiO3 (BT) and K.Nb0 3 (KN), have

oxides, MgO and Nb2O,, to form MgNb2Ot, which stable perovskite structures. For the Pb(B'B')0 3

• has the columbite structure. The MgNb2O6 is then compounds, PMN, PZN, Pb(Fe,,2Nb1 2 )03 (PFN),

reacted with PbO to form 100% pure perovskite Pb(Fe 3 W11 3 )03 (PFW), Pb(Ni1 ,3NbZ,3)O3 (PNN)
PMN. The success of this method lies in the pre- and Pb(nu2NbU2 )O (PIN), the tolerance factors
reaction of MgO and Nb2Os: This eliminates the and electronegativity differences both are small, and
possibility of PbO preferentially reacting with Nb2O5 the perovskite structure is not easily stabilized. Thus,

- to form the pyrochlore PpN4 phase. Gururaja et al. in the case of these latter mentioned ferroelectrics,
* [ 131 attempted to utilize this approach to prepare it appears that the thermodynamics of the system are
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also important in determining the stability of the References
perovskite structure.

The results of the heat treatments of the sol-gel
derived material are consistent with the postulation (I I Y. Yokomizo, T. Takahashi and S. Nomura, J. Phys. Soc.
that perovskite is not the most thermodynamically (1Japan 28 (1970) 1278.

2)S. Nomura and J. Kuwata, Mat. Res. Bull. 14 (1979) 769.
stable phase in PZN. The perovskite phase in this (3) J. Kuwata. K. Uchino and S. Nomura. FcrrOelectrics 22
material seems to be most stable at 10000C. The finer (1979) 863.
particle size and higher degree of homogeneity of the [4) J. K uwata, K. Ijehino and S. Nomura, Ferroelectrics 37

sal-gel derived material (as opposed to the mixed- (1981) 579.
oxide derived material) and the prereaction of the 151 J. Kuwata. K. Uchino and S. Nomura. Japan. J. Appl. Phys.

Zn and Nb species were probably important factors 21 (1982) 1298.

in stabilizing the perovskitc phase. This suggest that 16) S.R. Gurkovich and J.B. Blum, in: Ultrastructure process-
baththereatio kintic an thrmodnamcs usting orcerai~CS, gl]asses and composites. eds. L.L. Hench and
boththe eacion inetcs nd termoynaics ustD.R. Ulrich (Wiey-lnnterscience, New York, 1984) ch. 32.

be considered in determining the perovskite phase [7] J.. Blum and S.R. Gurkovich. J. Mat. Sci. 20 (1985) 4479.
stability in PZN. (81 M. Aggawat, C.K. Sharma and R.C. Mehrotra. Synth. React.

Met.-Org. Chem. 13 (1983) 571;
'p R. Jain. A.K. Rai and R.C. Mehrotra. Z. Naturrorsch. 40b

Summary(1985) 1371.
4. sunmazy(91 R.C. Mehrotra, M.M. Aggrawat and P.N. Kapoor, J. Chem.

Soc. A (1968) 2673.
V0 The use of sol-gel has afforded a 75% perovskite [101 M. Ltjeune and J.P. Boilot, Ceram. Intern. 9 (1983) 119.
1'PZN-PT material. The perovskite phase in this I IlI] T.W. Dekieva. unpublished work.
4'material seems to be most stable at 1000C. 112) S.L Swartz and T.R. Shrout, Mat. Res. Bul. 17(1982) 1245.

These results are preliminary. The sal-gel process [13] T.R. Gururaja. A. Safari and A. Halliyal. Am. Ceram. Soc.

appears to be a promising route for the stabilization Bull. 65 (1986) 1601.
[ 14] V.M. Goldschmidt, Skr. Norske Vidensk. Akad. Oslo, No.

of the perovskite phase in such materials as PZN, and 2 (1926).
further work to exploit this may prove to be ver [151 A. Halliyal, U. Kumar, R.E. Newnham and L.E. Cross, Am.
beneficial. Ceram. Soc. Bull. 66 (1987) 671.

4400



41" Cer'am S,A Bull . 66 141 611 7 ______19_____________

7Stabilization of the Perovskite Phase and
.- Dielectric Properties of Ceramics in the

Pb(Znl/ 3Nb2/)03-BaTiO3 System

ARVIND HALLIYAL,' UMESH KUMAR,' ROBERT E. NEWNHAM,' and LESLIE E. CROSS'
Pennsylvania State University, Materials Research Lab, University Park, PA 16802

The problem of pyrochlore formation has been studied in
Pb(Mg, ,Nb, ,)O, (PMN) ceramics. By following a different

The formation of a pyrochlore structure phase is a major processing scheme, Swartz and Shrout' were able to stabilize
problem in the preparation of Pb(Zn, 3 Nb2/j)0 3 (PZN)- perovskite structure in PMN. The reaction sequence used by

based ceramics since its presence is detrimental to the them is
dielectric and piezoelectric properties. An analysis of MgO+NbO, --- MgNbO 8  (1)
electronegativity difference and tolerance factor of sev- MgNbIO+3PbO 2OO° 3Pb(Mg,,Nb1 )0 (2)
eral AB0 3 type of compounds shows that BaTiO 3 is an
excellent additive to stabilize perovskite phase in PZN, In this method. MgO is prereacted with NbO, to form MgNb.O,

which has columbite structure. The MgNbO, is then reactedand the present experiments show that 6 to 7 tool% of with PbO to obtain 100% pure perovskite PMN ceramics. Since
' BaTiO3 stabilizes perovskite structure in PZN. Phase re- Mg-" and Zn*I have same charge and approximately similar

-. -. lations, ceramic preparation procedure, and dielectric ionic radii, it seems plausible to prepare perovskite PZN ce-
properties of compositions in the PZN-BT system are ramics by first preparing ZnNb:O, by reacting ZnO and Nb:O

presented. Curie temperatures of the compositions in this and subsequently reacting ZnNb2O. with PbO, For reasons which
3 t1 Co so are not clear, the reaction product obtained by this reaction

system range between -130* to 140°C. Compositions sequence is pyrochlore.'
suitable for capacitor application have been identified. Recently, Furukawa et al.1, have reported that the formation

of the pyrochlore phase in PZN can be suppressed by adding
15 mol% of either BaTiO, or SrTiO,. These ceramics show a
maximum dielectric constant of -5000 which is much lower

T than that of PZN single crystals ( 60 000). The ceramics in
Lead zinc niobate (Pb(Zn, Nbl )O,, hereafter designated the (I-x)PZN-xPT system always yield a mixture of per-
PZN) is a ferroelectric with perovskite structure exhibiting a te p yr- hlor e h as ie a< mixtre per -

diffuse phase transition. It has a rhombohedral structure at room ovskite and pyrochlore phase when x<0.7 5.' The perovskite
tempeureandundergoesa phase transition. hasarartur ato structure in PZN-PT ceramics can be further stabilized by the
temperature and undergoes a phase transition at 140°C to addition of Ba(Zn, Nb. i)Oi." or by the partial substitution of
cubic structure. Single crystals of PZN with perovskite struc- PbO with K,0.12 These additions, however, dilute the dielectric

fure can be synthesized using the flux method. Single crystals and piezoelectric properties. Lastly, perovskite type PZN can
of PZN showing excellent dielectric.optical, and eectrostrictive be synthesized under high pressure at elevated temperature.10

properties have been studied extensively.' The present study was undertaken to stabilize perovskite phase
The solid solution between PZN with rhombohedral sym- in PZN ceramics by adding only a small percentage of a second

* metry and PbTiO, (PT) with tetragonal symmetry has a mor-
photropic phase boundary (MPB) at room temperature for a perovskit compound. If the perovskite phase can be stabilized
composition near 9 ol% of . Single crystals with compo- by only a small amount of a second component, the properties
coosition near mo shof u y Snge ctra p of PZN probably will not be altered significantly. From the work
sition near the MPB show unusually large dielectric and pie- of Furukawa ef a1. it is clear that the perovskite structure in
zoelectric constants and higherelectromechanical coupling coef- PZN can be stabilized by the addition of a more ionic com-
ficients (92%)l than those of the PZT family of ceramics. Single

bpound. In the present work, an analysis of the stability of several
crystals ofy difficulcanoalsopre grrwnPby ohePfluxTmethodi's compounds having the perovskite structure is made by consid-

Iering the structure field map and ionic nature of the chemical
with the perovskite structure by conventional ceramic process-
in"ag. The product obtained by solid-state reaction at I 10°C bonds. This analysis shows that BaTiO, (BT) is an excellent
is- lre p ydcloe ps ofthe type 1  0T additive for stabilizing the perovskite structure in PZN. The," : iis la rge ly a c u b ic p y roc h lo re p ha se o f th e ty pe P b N b O , , w h ic hp r s n p e a at o s ud s c nf m d th t B is v y e f c i e
is detrimental to both dielectric and piezoelectric properties. present preparation studies confirmed that BT is very effective
The formation of pyrochlore phase has been observed in a num- insprsngtefmaonfpychrehsenPZ.I,."er of lead-based .4(BB)O, type ferroelectric compounds with e present paper the preparation procedure, phase relations.
• of and dielectric properties of several compositions in PZN-Br

* perovskite structure., binary system are reported.
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Fig 1. Structure field map of A803 (per- Fig. 2. Plot of electronegativity difference
ovskitesJ-BT BaT'0 3; ST: SrTiO3 ; PT: vs tolerance factor.
PtO 3 KN: KNbO 3; BZ: BaZrO3.* PZ:
PbZrO3, PZT: PtZr,T,;)0 3: PMN: PHMg,3 4

Nb 3)01: PZN: Pb(Znz3Nb2z)0 3;PFN: Pb(Fe, a
,No, 2)0,. PFW: Pb(Fe23W, )0,; PNN: Pb(Ni,
,Nb 2 3)03. PIN: Pb(In, 2Nb, 2)03; BZN: Ba(Zna.
.NI)3)) (B

Fig. 3. Microstructureof (A) 0.9PZN-O.1BT
maps.'1 Structure field maps provide a useful way of correlating (bar-10 om) and (B) 0.85PZN-0.15BT
ionic radii with structure types. A structure field map of ABO, (bar-5 1m). Both were sintered at 1150°C
compounds near the perovskite region is shown in Fig. 1. Here for 1 h.
r, is the radius of the larger cation and r, is the radius of the
smaller cation. Several ABO, type ferroelectric oxides are marked should have stable perovskite structure. For PbO-based perov-
in this diagram. It is clear that all the compounds under con- skite A(B'B")O, compounds, PMN, PZN, PFN, PFW, PNN,
sideration fall well within the ideal perovskite region of the and PIN, both the tolerance factor and electronegativity dif-
structure field map. However, it is difficult to prepare several ference are small, and hence they may not form perovskite struc-
A(8'f")0, lead-based compounds such as PMN, PZN, PFN, ture easily. However, there are certain exceptions, such as PbZrO3
PFW, PNN, and PIN in perovskite form by the usual ceramic which has a low tolerance factor and low electronegativity dif-
processing techniques. Such mixed oxide methods yield a mix- ference but never shows the formation of a phase with pyro-
ture of perovskite and pyrochlore phases. The occurrence of chlore structure. Probably for these compounds, other factors,

S" pyrochlore structure can be explained by considering the ionic such as electron configuration, cation valence stability, ordering
nature of the chemical bonds in these compounds. parameters, etc., should also be considered.

Oxide perovskites are basically ionic compounds. For an ABO Figure 2 also shows that it should be more difficult to stabilize
compound to form a stable perovskite structure, the ionic radii PZN in perovskite form than PMN which is in accordance with

* of the cations should be within proper limits and the elements experimental results. PMN can be prepared in perovskite form
should form strong mutual ionic bond. Goldschmidt has pro- by repeated calcination or by the reaction sequence proposed
posed the concept of tolerance factor to describe the stability by Swartz and Shrout.1 It is not possible to stabilize PZN in

. limits of a crystal structure in terms of the ionic radii.' For the perovskite form by these techniques. The figure also reveals why
perovskite structure, the tolerance factor, 1, is given by the solid solution system (I -x) PZN-xPT can be stabilized

r r+r in perovskite form if x>0.25. The addition of PT to PZN in-
(3) creases both the net tolerance factor and the electronegativity

difference. Since BaTiO, has the largest electronegativity dif-
S lere r, and r. are the ionic radii of cations A and B and ro is ference and tolerance factor it should be possible to stabilize

the ionic radius of oxygen. The perovskite structure is stable if PZN or PMN in perovskite form by adding a smaller percentage
. t is large." of BaTiO, than PbTiO. Present studies indicated that the ad-

' The second factor to be considered in determining the sta- dition of 6 to 7 mol% of BaTiO, is sufficient to stabilize per-
bility of perovskite structure is the degree of ionic character of ovskite structure in PZN. It should be noted, however, that the
the chemical bonds in the compound. The percentage of ionic analysis presented here is one of quasithermodynamic equilib-
character of the bonds is proportional to the electronegativity rium. Previous studies have shown that PZN single crystals can

0 difference between cations and anions, be prepared in perovskite form by the flux method either by
For several ABO, compounds with perovskite structure, the slow cooling of the melt or by water quenching." On reheating

,- tolerance factors were calculated using Eq. (3) and the ionic the crystals, the perovskite structure converts to pyrochlore
radii proposed by Shannon and Prewitt."" The electronegativ- structure at 60°C, indicating that the perovskite structure
it) differences of cation A and oxygen (X 4-o) and cation B and in PZN is in metastable condition for the above preparation

, oxygen (X-o) were calculated using Pauling's electronegativity procedure. Reaction kinetics also play a major role in the sta-
scale For .4(B'B"O, type perovskites, a weighted average bility of perovskite structure in ferroelectric relaxors such as

* value was used for calculating r, and X,-o. A plot of average PMN or PZN. In PMN, the perovskite structure can be sta-
electronegativity differences (Xo+X&_o)/' 2 vs the tolerance bilized either by repeated calcination or by the columbite pre-
factor is shown in Fig. 2 cursor method, as described earlier.' For a better understanding

A few interesting observations can be made from Fig. 2. Bar- of the stability of perovskite structure in lead-based ferroelectric
um titanate and KNbO, have both large tolerance factor and relaxors, one should consider reaction kinetics also. The kinetics

large electronegativity difference, and hence these compounds of the reaction would depend to a large extent on the purity,
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Table I. Calcination and Sintering Temperatures for Table II. Amount of Additives Needed to Stabilize
(1 -x)PZN- xBT Perovskite Phase in PZN

Percentage of Amount
e.% Calcination Sintering Peroskitc theoretical Additise (mol% I

temperature temperature Time phase density
'C)C) h) ( (%) BaTiOl 6-7-

SrTiO, 9-10'
0 900 1000 4 0 PbTiO, 25-30'
0.02 900 1000 3 35 BaZrO, 15-180
005 900 1075 1 85 90-92 Ba(Zn, ,Nb. )O, 15"
007 900 1100 1 100 94-97 Replacing Pb with K I0':
008 900 1100 1 100 94-97 PbZrO, 55-60 0
009 900 1100 1 100 94-97
0 10 900 1150 1 100 95-97 "rom preent work
0 15 900 1150 1 100 95-97
0 20 900 1150 1 100 95-97
0 30 900 1175 1 100 94-96 rest of the procedure for preparing ceramics is the same as
0 40 900 1175 1 100 94-96 described above. Selected compositions containing 0.1 to 0.4
0 50 900 1250 1 100 94-96 wt% of MnO, were prepared to determine the effect of MnO,"0 0 900 1275 1 100 94-96-
0 70 1 150 1325 100 94-96 on dielectric properties.
0"0 1150 1325 2 100 92-95 The relative amounts of pyrochlore and perovskite phases
0 85 1150 1325 2 100 92-95 were determined using powder X-ray diffraction patterns of sin-
0.90 1150 1350 2 100 90-92 tered samples by measuring the major X-ray peak intensities
1 00 1350 2 100 92-94 for the perovskite and pyrochlore phases, i.e. (110) and (222),

respectively. The percentage of perovskite phase was calculated
using the following equation

' particle size, and surface area of the starting materials used, 100xl1,
,'V" and on the details of ceramic processing. The minimum amount % pero+=

of second perovskite compound needed to stabilize perovskite
* phase may vary slightly depending on reaction kinetics. Theoretical densities were calculated from lattice parameter

measurements, and bulk densities were geometrically deter-
Sample Preparation and Measurements mined.

For dielectric measurements, gold electrodes were sputtered
In the binary system (I -x)PZN-xBT, compositions were and air-dry silver paint was applied over gold electrodes. Die-

prepared at 10 mol% intervals of BaTiO1 . Near PZN, compo- lectric measurements were performed on an automated system,
sitions were prepared at I mol% intervals to determine the min- wherein a temperature control box** and LCR meters" were
imum amount of BaTiO, needed to obtain ceramics with 100% controlled by a desktop computer." Dielectric constant and dis-
perovskite phase. sipation factors were measured between 100 Hz and 100 kHz,

For compositions with x_50.8, reagent grade PbO," ZnO.' as the samples were cooled at a rate of 3* to 4'C/min. The
Nb.O,.t TiO.,' and BaCO,0 were used as starting materials, temperature range covered was 250" to - 1500C.
Excess PbO amounting to 0.5 wt% was added to compensate The electrical resistivity was determined by applying a volt-

. for PbO loss during firing. The mixtures were ball milled in age of 10 V across the samples at room temperature using a
polyethylene jars using CHOH for 12 to 16 h using ZrO, picoampmeterU with the current value recorded after 10 min.
grinding media. The slurry was dried and calcined for 4 to 10
h at temperatures ranging from 900' toI I50"C. The calcined Results and Discussion
powder was ball milled and dried again to obtain homogeneous
powder. Pellets 12 mm in diameter and 2-3 mm thick were Calcilation and Sintering
pressed using PVA binder, and the binder was burnt out by a
slow heating at 5000 C for I h. Samples were sintered in a sealed The calcination and sintering conditions, fired densities, and
Al,0, crucible at temperatures ranging from 1000" to 1350'C percent perovskite phase for all the compositions are given in
using a heating rate of 200'C/h in an SiC resistance furnace. Table i. Higher calcination and sintering temperatures were
To limit PbO loss from the pellets, a PbO-rich atmosphere was necessary for compositions containing a large fraction of BaTiO,.
maintained by placing an equimolar mixture of PbO and ZrO. Compositions with x in the range 0.9<x <I could not be sin-
inside the crucible. Weight loss on sintering was held to <1 tered to sufficient densities. Probably evaporation of PbO during
wt% for all the compositions. The conditions for calcination and firing is the primary reason for the failure in preparing dense
s'ntering for different compositions are given in Table I. ceramics in this composition range. Lead zinc niobate ceramic

For ,;,mpositions with 0.8<x:5l, prereacted ZnNbO. and containing no BT additive was completely pyrochlore in struc-
* high purity BaTiO, powder' were used as precursor materials ture. The percentage of perovskite phase increased by the ad-

to increase the reactivity of the powders during calcination. dition of BaTiO1 as shown in Table I. Compositions containing
First, reagent grade ZnO and NbO, were mixed by ball milling > 7 mol% BaTiO1 did not have any pyrochlore phase. It is clear

.- " and calcined at I 000'C for 4 h to obtain ZnNbO,. Lead oxide, that the formation of pyrochlore phase in PZN can be com-
ZnNbO,, and BaTiO, were then mixed and ball milled. The pletelv avoided by adding 6 to 7 mol% BaTiO. The perovskite
.- __.___phase in PZN can be stabilized by the addition of other per-

".*"Supplied b Hammond Lead Products. Inc. Pottstown, PA ovskite compounds such as SrTiO,, PbZrO,, or BaZrO. '" The
'Supplied b Ha Zinc CoL PalmertIon. PA minimum amount of different oxides or perovskite compounds
;Supplied by Teled)ne Wah Chang Albany. Albany. OR needed to stabilize the perovskite structure in PZN by conven-
'Supplied b.. J T Baker Chemical Co. Philipsburg, NJ
Grade HPB. TAM Ceramics. Inc. Niagara Falls. NY tional ceramic processing is given in Table 1I. The percentage
'*Model 2300. Delta Design. Inc. San Diego, CA. of theoretical density was in the range of 94% to 96% for most
'Model 42.4A and 1275A LCR meters. Hewleit Packard, Inc., Palo Alto, CA of the compositions. Typical SEMs of fractured ceramics are

"Model 1,816. ewleitit Packard. Inc . Palo Alto. CA
"Model 41408 pA meter. Hewleti Packard. Inc. Palo Alto. CA shown in Fig. 3. The grain size was in the range 2-5 gm.
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Z 0-5 ai above T,, the symmetry of the composition is cubic.
. "The resistivities of ceramics measured by the procedure de-

scribed in the experimental section were in the range of 10"-10 '1
fl.cm.

Diffuse Phase Tranition
If,(D ,60 -8o 0 8o 16o 240

.TEMPERATURE 'c The compositions containing up to 90 mol% BT showed dif-
fused phase transition and a dependence of Curie temperature

* on frequency. The temperature difference between the T,'s
measured at 0.1 and 100 kHz (AT,) gives an estimation of theDielectric Measurents relaxor characteristic of the transition. The values of AT, are

Figure 4 shows the temperature dependencies of dielectric listed in Table Ill. Compositions containing 20 to 40 mol% BT
-.. : constant and dissipation factor at various frequencies for com- showed the strongest frequency dispersion.

positions containing 7 and 85 mol% BaTiO,. All the composi- For ferroelectrics with a diffused phase transition, the law
tions up to 90 mol% BaTiO, showed broad maxima of dielectric l/c(T- TO)' has been shown to hold over a wide temperature
constant and an increase in Curie temperature (T, with in- range instead of the normal Curie Weiss law.'1 If the local Curie
creasing frequency characteristic of relaxor ferroclectrics. Cor- temperature distribution is Gaussian, the reciprocal permittivity
responding frequency dispersion of the dissipation factor was can be written in the form
also observed. 1 I (T-ToY

The temperature dependence of dielectric constant (at I kHz) - - - + (5)
. for a range of compositions are shown in Figs. 5-7. The variation C C.

of Curie temperature with composition is shown in Fig. 8. The Here 6 is diffuseness parameter. For PZN-PT compositions, from
Curie temperature decreases sharply with the addition of BaTiO,. the slope of plots of I/c vs (T- To)', the values of 6 were cal-
For compositions containing 70 to 80 mol% BaTiO,, T is ap- culated (Table I1l). The value of 6 showed an increase with the
proximately - 130°C. When the amount of BaTiO3 is >80 amount of BT and was highest for compositions with 40 to 50

' mol%, T, increases sharply. The magnitude of the dielectric mol% of BT, indicating a broadened phase transition for these
constant maximum increases with the addition of up to 7 mol% compositions.

' BaTiO, and decreases sharply with further addition of BaTiO,
as shown in Fig. 9. It increases again for compositions containing Composition for Capacitors
>70 mol% BaTiO). From the X-ray diffraction pattern and the
temperature of dielectric maximum data, the phase diagram of There is a growing need for ceramic materials for multilayer
PZN-BT system is as shown in Fig. 10. Here it is assumed that capacitors:' with high dielectric constant and low temperature
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Phase Relations and Dielectric Properties of Ceramics in
ii the System Pb(Zn/ 3Nb2/3)03-SrTiO3-PbTiO3

JOHN R. BELSICK,' ARVIND HALLIYAL, ° UMESH KUMAR, and ROBERT E. NEWNHAM'
Pennsylvania State University, University Park, PA 16802

component or by the partial replacement of PbO by K,0.1 How-
ever, BZN or K20 additions dilute the dielectric and piezoe-
lectric properties. The peak dielectric constant reported in theseLead-zinc-niobate-based ceramics Pb(Znl/ 3Nb2 /3)0 3  ceramics is =700, which is low compared to the extremely

(PZN), are difficult to prepare because of the formation large values observed in PZN-PT single crystals. A similar re-
of a pyrochlore phase which is detrimental to both the duction in piezoelectric properties has also been observed.
dielectric and piezoelectric properties. The addition of 9 The problem of pyrochlore formation has been studied cx-mol% SrTiO 3(ST) stabilizes the perovskite phase tensively in Pb(Mg, ,Nb,,j)O, (PMN) ceramics.' 0 By followingto 10 mo as rtios abilethi prop s phasc a different processing scheme, Swartz and Shrout were able to
in PZN. Phase relations and dielectric properties of Ce- stabilize the perovskite structure in PMN. They adopted the
ramics in the system PZN-ST-PbTiO 3 were investigated, following reaction sequrace:
The stability of the perovskite phase was studied as a ioooc0oo)function of calcination temperature and time. Composi- MgO+NbO, W > MgNb,O, (1)

tions in this system with high dielectric constant and low MgNbO,+3PbO 900C> 3Pb(Mg,/1Nb,,)O, (2)
4 temperature coefficient of capacitance have been iden-

teatu cn In this method, MgO is prereacted with Nb,O, to form MgNb:O,tified. which has the columbite structure. MgNb2O, is then reacted
with PbO to obtain 100% pure perovskite PMN ceramics. For
reasons which are not clear, we were unsuccessful in preparing
perovskite PZN by this processing scheme (by reacting ZnNb2O.
with PbO).

Lead zinc niobate (Pb(Zn, ,Nb,,)O,-herein designated PZNJ The stability of several ABO) perovskite compounds has been
is a ferroelectric material with a partially disordered perovskite examined by considering their electronegativity difference and
structure. It undergoes a diffuse phase transition near 140 0C. tolerance factor." The analysis showed that BaTiO, (BT) and
The crystal symmetry is rhombohedral (ferroelectric) at room SrTiO3 (ST) are ideal additives for stabilizing the perovskite

- temperature and cubic (paraelectric) above 140 0C.''- The solid structure in PZN. PZN ceramics with 100% perovskite struc-
-, solution between PZN with rhombohedral symmetry and ture can be prepared by adding only 6 to 7 mol% of BT and

PbTiO,(PT) with tetragonal symmetry has a morphotropic phase 10 mol% ST." Phase relations and dielectric properties of
boundry (MPB) near 9 mol% PT. Single crystals with compo- compositions in the PZN-BT system have been reported," and
sitions near the MPB show extremely large dielectric and pie- compositions useful for capacitors have been identified."2
zoelectric coefficients, much larger than those of PZT ceramics.' The dielectric properties of several compositions in the system
PZN and PZN-PT single crystals can be grown rather easily PZN-PT-ST have been studied by Yamashita et al. for possible
by a flux method and their properties have been reported.' PZN use in multilayer capacitors. Their study indicates that the pyr-
is also a promising candidate material for electrostrictive mi- ochlore phase can be eliminated by adding 20 mol% ST together

* cropositioners.1 with 20 mol% PT to PZN. In compositions containing only ST,
Unfortunately, it is very difficult to synthesize pure PZN or pyrochlore phase cannot be eliminated completely In their study,

PZN-PT ceramics with the perovskite structure near the MPB the composition 0.8 PZN-0.2 ST showed =90% of perovskite
by the usual solid-state reaction. The product obtained by solid- phase. However, our preliminary studies indicated that it is
state reaction at I100°C is a mixture containing a stable, possible to stabilize the perovskite structure in PZN by adding
cubic PbNbO,-type pyrochlore phase. The formation of the only 10 mol% ST. The reason for the large amount of pyrochlore
pyrochlore phase is detrimental to both the dielectric and pie- phase observed by Yamashita et al. "1 seems to be low calcination
zoelectric properties. In the system PZN-PT the perovskite phase temperature (780°C). The present work was undertaken to in-

I is stable only when the PT content exceeds 25 mol%. PZN vestigate systematically the effect of calcination temperature
ceramics with the perovskite structure can be prepared under and time on the stability of the perovskite structure in the sys-
high pressure and temperature conditions (25 kbars, 800* to tem PZN-ST-PT and to prepare pyrochlore-free ceramics with
1000°C). ' The perovskite structure in PZN can also be stabi- large dielectric constants by optimizing the calcining and sin-
lized by the addition of Ba(Zn, ,Nb,,)O, (BZN)' as a third tering conditions.

Experimental Procedure
"Member. he American Ceramic Soety The compositions selected for the present study were of the

Received January i). 1987. approved February 5. 1987 type (l-x-y) PZN-xST-yPT with x and y varying between 0
and 0,2. The columbite precursor method was used to reduce

Supported by the Office of Naval Research under Contract No N00014- the formation of pyrochlore phase. ZnO and Nb.,O, were batched
2-K--0.39 in the proper ratio to first prepare the columbite phase ZnNbO,,.
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19 x MEASUREMENTS

1framount of perovskite phase. Separate mixtures were calcined
Fig. 1. Procedure for sample preparation. for 4 h at each calcination temperature and the amount of

perovskite phase was determined from powder XRD patterns.
Figure 2 shows a plot of the percentage of perovskite phase in

The precursor was then mixed in stoichiometric ratio with PbO, each composition as a function of calcination temperature. Fig-
SrCO,, and TiO., and the ceramics were prepared by the pro- ure 3 shows a plot of percentage PbO loss during calcination.
cedure outlined in Fig. I. Half a weight percent of excess PbO For all the compositions the amount of perovskite phase is <20%
was added in all the compositions to compensate for PbO loss for calcination temperatures below 850°C. For calcination tern-

* during calcination and sintering. The powders were calcined at peratures higher than 850°C, the amount of perovskite phase
900°C for 4 h and a second calcination was conducted at 10000 increased sharply. Compositions with 9 to 10 molc of ST cal-
for 4 h if the calcined powder contained any pyrochlore phase. cined at 950* to 1050°C showed 100% perovskite phase. In all
The calcined powders were crushed and ball-milled and pellets the compositions, a small fraction of pyrochlore phase was ob-

12 mm in diameter and 2 to 3 mm thick were pressed using served for calcinations above 10500C. This behavior is probably
PVA binder. due to the loss of PbO at high temperatures (Fig. 3). It has

The pellets were then fired between 1050 ° and 1175°C for been known that loss of PbO favors the formation of pyrochlore
I to 2 h in sealed alumina crucibles. To compensate for the PbO phase in lead-based relaxor compounds such as Pb(Mg, 3Nb,

PI weight loss, a PbO-rich atmosphere was maintained by placing ,)0,.' The reason for the observation of a large fraction of pyr-
2_1 an equimolar mixture of PbO and ZrO2 inside the crucible. ochlore phase in PZN-ST system by Yamashita et al.'3 is clear.

The percentage of perovskite phase and lattice constants were In their study the calcination was conducted at a low temper-
determined by powder X-ray diffraction (XRD) patterns of cal- ature (780°C). From the present work it can be seen that the
cined powder and fired ceramics. The relative amounts of the calcination temperature should be higher than 950°C to obtain
pyrochlore and perovskite phases were determined by meas- pyrochlore-free PZN ceramics. The effect of calcination time
uring the major X-ray peak intensities for the perovskite and on the amount of perovskite phase is shown in Fig. 4. Initially
pyrochlore phases [(110) and (222) respectively]. The percent- the amount of perovskite phase increases sharply with calcin-

.. age of perovskite phase was calculated using the following equa- ation time and then decreases slowly for longer periods of cal-
tion:

%perov= (I.+I) (3) *Model 2300, Delta Design, Inc.. San Diego, CA.
'Model 4274A and 4275A LCR meters, Hewlett-Packard, Inc.. PaPo Alto, CA

• Theoretical densities were calculated from lattice parameter 'Model 9816. Hewlett-Packard, Inc.. Palo Alto, CA

measurements and bulk densities were determined geometri-".r "cally.

For dielectric measurements, gold electrodes were sputtered, 010
and air-dry silver paint was applied over the gold electrodes.
Dielectric measurements were conducted on an automated sys-
tern, wherein a temperature control box* and LCR bridge' were

0 controlled by a desktop computer. Dielectric constant and dis- ! 0o
sipation factors were measured between 100 Hz and 100 KHz, I"

as the samples were cooled at a rate of 3° to 4°/min. The z
temperature range was -100 to 2000 C.

Results and Discussion
a 1 6 I 2 4

* Cakintfioa and Sinteing TIME (MR)L.%

Several compositions in the (I -x)PZN system (with x-0.05 Fig. 4. Percentage of perovskite phase vs
to 020) were calcinated at different temperatures for varying calcnation time at 9000C for (1 -x) PZN-
time periods to study the effect of calcination conditions on the xST ceramics.
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Fig. 5. Percentage perovskite ph~ase in ce- factor vs temperature for 0.9 PZN-0.1 ST factor vs temperature for 0. 75 PZN-0. 15 ST.
ramic samples fired at 1050" and 110C ceramics. 0.1 PT ceramics.

cination, probably because of the loss of PbO. From the present trics. A corresponding frequency dispersion of the dissipation
- - study the optimum calcination conditions to obtain PZN cc- factor was also observed.

ramics with minimum amount of pyrochlore phase are 950* to The dielectric constant at T', increases with additions of ST
lOO*C and 2to 4h. up to 10 mol% and then decreases with further additions of ST

It should be noted that, for calcination or firing done at tern- (Fig. 8). The dielectric constant initially increases with the ad-
peratures > 1050'C, there is a slight formation of pyrochlore dition of ST resulting from the increase in the amount of per-

\ .~.phase. The firing schedule, percentage theoretical density, and ovskite phase in the ceramics. The dielectric constants at T', are
percentage perovskite phase in fired ceramics are listed in Table between 4000 and 8000 in the PZN-ST binary system and be-
I . Samples sintered at I I 500C contained a slightly larger frac- tween 6000 and 8000 in the PZN-ST-PT ternary system.
tion of pyrochlore phase than the samples sintered at 1050" to In the system PZN-ST, the variation of T, with the mole

~ ->I 100*C. In the system PZN-ST-PT. the PT helps in further fraction of ST is shown in Fig. 9. The T', decreases sharply with
reducing the amount of pyrochlore phase. Figure 5 shows the increasing ST The compositions 0.9 PZN-o. I ST and 0.75 PZN-

*amount of perovskite phase in ceramic samples fired at 1050" 0. 15 ST-0. I PT have their T', values near room temperature.
and I I 50"C. The grain size in the ceramics, determined by The difference between the Curie temperatures measured at
SEM micrographs of fractured ceramics, ranged from 2 to 5 100 Hz and 100 KHz (AT,) gives an estimate of the relaxor

-. Am. nature of the material. The larger the AT, values, the greater
* -s'.the frequency dispersion of the maximum dielectric constant.

Dielec~ic Prepertis
, .Plots of dielectric constant and dissipation factor versus temn- 00- 11

perature for 0.9 PZN-0. I ST and 0.75 PZN-0. 15 ST-0. I PT are0- kEtTO
shown in Figs. 6 and 7. All compositions showed a broad maxima
of dielectric constant and an increase in Curie temperature (7',)00
with increasing frequency, characteristic of relaxer ferroelec-01

Table 1. Sintering Data for PZN-ST-PT Ceramics
% ,,. ,-.*Sintering

C.omposition temperature Time % Theoretical Perovskite - ^ .
PZN ST P1' CC) (hr) density M 1- ,II

0.95 0.05 1050 2 89.8 73 TEMPERATURE M)C
%1075 2 89.3 75

1125 2 86.5 63 Fig. 8. Dielectric constant vs temperature
1150 1 70.9 40 fo(-x)PZN-xST ceramics.

*1150 2 76.9 41
1175 1 66.4 35

0.93 0.07 1050 2 93.5 94
1150 1 91.1 7915

0.92 0.08 1050 2 92.6 97 (1-.IPZN-&StT.O,
1150 1 90.0 86 X

0.9 0.1 1150 1 94.4 100
*085 0 15 1150 1 94.7 100

0 08 0 2 1150 1 93.6 100 -

0 9 0.05 0.05 1050 2 92.1 87 -S

1150 I 88.6 77 2
0 85 005 0.1 1050 2 91.0 100

1150 1 85.3 83

085 0 1 0,05 1075 2 93.5 100

%08 01 005 1150 1 9117 100 s 2

%8 0 00 10I9. 0 Fig. 9. Curie temperature vs mole fraction
E0 5 0 5 0 1 1150 1 93.7 100 of ST for (1 -x) PZN-xST ceramics.

666 CERAMIC BULLETIN. VOL. 66. NO 4. 1987 If~ ACerSi

.- .i . . .. ' . ..--- ' . -
% a -



6__1W W

John R. Delsick is a graduate su-
20 dent in solid-state science at the

2 Pennsylvania State University, Uni-I- versity Park, PA. He earned a B.S.
in ceramic science and engineering

~ 0-(I-) *Z - .' ?,O, from Pennsylvania State University
in 1986. His current research inter-
ests are ceramic piezoelectric ma-
terials.

000 0015 CLIO 015 0 20 025isa '

MOo.E FRACTiON OF S,.O, (1) Arvind Halbiyallia research as-
sociate with the Materials Research

Fig. 10. A Tr vs mole fraction of ST for (1 - x) Lab at Pennsylvania State Univer- J~ R. Besi
PZN-xST ceramics. shty. His photograph and biograph-

ical sketch appear on page 676.
A ptot of %T, as a function of mole fraction of ST is shown in Uuiesh Kunr is a graduate student at the Materials Research Lab
Fig. 10. A summary of the dielectric data can be found in Table at Pennsylvania State University His photograph and biographical sketch
1t. Plots of temperature coefficient of capacitance (TCC) for appear on page 676.
selected compositions are shown in Fig. 11. Compositions 0.'9 Robert E Newnhlam is professor of solid-state science at Pennsylvania
PZN-0.l ST. 0.85 PZN-0.15 ST. 0.8 PZN-0.15 ST-o.oS PT and
0.75 PZN-0.15 ST-0,l PT satisfy Z5U and YSU TCC speci- State University. His photograph and biographical sketch appear on
fications for capacitors. page 676.

Summary
Ceramics in the (I -x-y) PZN-xST-yPT system having the

* perovskite structure can be prepared if the mole fraction of ST
is x2:0. 1. The calcination and sintering conditions were found Y Matsuo, H. Sasaki. S. Hayakawa. F. Kanamura. and M. Koizumi. -High
to be very critical in obtaining pyrochlore-free ceramics. All Pressure Synthesis of Perovskite Type Pb(Zn,i)Nb,1)Oj. J. Am. Ceram. Soc.,

* compositions studied showed a broad diffuse phase transition S2, 1916-1l7 (1969)
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1L. Hanh and S. Nomura. 'Ferroectric and Piezoelectric Properties ofcoefficient of capacitance have been identified. b,-K(n Nx)bijodSluos*p.J.Al Py,
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Table 1I. Dielectric Properties of PZN-ST-PT Ceramics 20

*Composition Sintate00nH K Wb

PN ST PT (*C) (IC) AT, (T', (100 Hz)) (RAtIOO Hz))'~~-1 e

0.5 0.05 1050 77 10 2130 1280

0.93 0.07 1050 69 13 6450 2780
0.92 0.08 1050 54 16 6810 3990 4
0.9 0.1 1150 32 16 7990 5170
0.85 0.15 1150 -10 20 5970 2900
0.8 0.2 1150 -45 23 4820 2490 0 iO

0.85 0.05 0.1 1050 37 5 8330 200-50 0 50 1 00 150E

0.85 0.1 005 1075 58 I5 7860 4570
0.8 0.1 0 1 1075 81 13 7610 2810 Fig. 11. TCC vs temperature for(A) 0.9 PZN-
0.8 0.15 0.05 1150 10 17 7040 4420 0.1 ST. (B) 0.85 PZN-0.15 ST, (C) 0.8 PZN-
0.75 0.15 01 1150 34 15 7980 5610 0. 15ST-0.05 PT, and (0)0.75 PZN-0 15 ST-

*Room temperature dielectric constant. 0. 1 PT.
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Dielectric and Ferroelectric Properties of Ceramics in the

Pb(Zn j/3Nb2,3)0 3-BaTiO 3-PbTiO3 System
A. HALLIYAL," U. KUNIAR." RE. NEk'NHAN,' and L. E. CROSS'

.Materials Research Laboratory. The Pennsyl'ania State Lniversity. University Park. Pennsylvania 16802

The use of PixZn, SNbl.)O, ceramics is restricted by the for- The present work was undertaken to investigate the stability of
mation of a p) rochlore phase detrimental to both dielectric and perovskite phase in the PZN-PT-BT ternary system and to examine
piezoelectric properties. Recently it has been shown that a the dielectnic and piezoelectric properties of ceramics with per-
6 rol% addition of BaTiO, to PZN suppresses the formation ovskite structure. Phase relations and dielectric properties
of pyrochlore phase. Phase relations and dielectric properties are presented in this paper. The piezoelectric properties will be
of ceramics in the PZN-BT-PT system are reported here. Corn- reported in a subsequent paper.
positions with the perovskite structure, having high dielectric
constant and low temperature coefficient of capacitance. have•. been identified. 11. Sample Preparation
bendeti.e.The compositions selected for the present study were of the type

1. Introduction (I- xr - v)PZN-xPT-.vBT with x varying between 0 and 0.20.
and v varying between 0.05 to 0.20. The method of sample prepa-

L EAD ZINC NIOBATE [Pb(Zn, ,Nb2 )O,, hereafter designated ration is shown in Fig. I and has been described in detail in Ref. 9.
L PZN} is a ferroclectric material with a partially disordered Samples were sintered in a sealed alumina crucible by heating at
pcrovskite structure. It undergoes a diffuse phase transition near a rate of 200°C/h. To limit the loss of PbO from the pellets. a

4s 14)-C. The crystal symmetry is rhombohedral (ferroelectric) at PbO-rich atmosphere was maintained by placing an equimolar
room temperature and cubic (paraelectric) above 140C.'' In the mixture of PbO and ZrO2 inside the crucible. Weight loss on
PbiZn, 3Nb2 1)Oj-PbTiO, iPZN-PT) system, a morphotropic phase sintering was held to <0.5%. Details concerning the procedure

_%- 1 boundary (MPB) exists between the rhombohedral PZN and followed for X-ray analysis, determination of percentage of pyro-
* tetragonil RI phases. near 9 mol% of PT. Single crystals with chlore phase. and dielectric measurement can be found in Ref. 9.

compositions near MPB show extremely large dielectric and To distinguish rhombohedral and tetragonal crystalline phases in
piezoelectric coefficients, much larger than those of PZT cc- sintered ceramics. X-ray powder diffraction patterns of the
ramics.' PZN and PLN-PT single crystals can be grown rather 002 peak were taken at a slow scanning rate ( A°/min)
easily by a flux method and their properties have been reported.p
PZN is also a promising candidate material for electrostric-". -"5 t[,itcooitoes~ 1. Results and Discussion
ti-e micropositioners.

Unfortunately, it is very difficult to synthesize perovskite PZN (I) Formation of the Pyrochlore Phase
or PZN-PT ceramics near MPB by the usual solid-state reaction. Powder X-ray diffraction patterns of ceramics were used to
The product obtained by solid-state reaction at -I 100C is a mix-
ture containing a stable cubic-type pyrochlore phase. The for-
mation of pyrochlore phase is detrimental to both the dielectric and
piezoelectric properties. In the PZN-PT system, the perovskite Weighing (PbO, ZnO, Nbj0 , Ti0 , BaCO )

', phase is stable only when the PT content exceeds 25 mol%. PZN
ceramics with perovskite structure can be prepared under high
pressure and temperature conditions (2.2 GPa. 8000 to 1000C). Mixing ( in alcohol, zirconia balls, 12-16 h)
The perovskite structure in PZN can also be stabilized by the
addition of Ba(Zn, Nbl])O (BZN)7 as a third component or by

rJ the partial replacement of PbO by K20." However. BZN or KO Drying
additions dilute both the dielectric and piezoelectric properties.
The peak dielectric constant reported in these ceramics is -7000.
which is very low compared to the extremely large values observed Calcination C 900 *C / 4-8 h)
in PZN-PT single crystals. A similar reduction in piezoelectric 4,
properties is also observed. Mixing with binder ( 2 % PVA)

In a previous paper.' we examined the stability of several ABO)
perovskite compounds by considering their electronegativity dif-
ference and tolerance factor. The analysis showed that BaTiO, Pressing pellets (dia-12mm, t * 2-3 mm)
(BTI is an ideal additive for stabilizing the perovskite phase. We
were able to prepare PZN ceramics with 100% perovskite structure
by the addition of only 6 to 7 mol% of BT. Phase relations and Binder burn out (5000C/ I h)
dielectn . properties of compositions in the PZN-BT system have
been reported,' and compositions useful for capacitors have been Firing (1I00- 1150C/ I h
identified.

Polishing ( 3pm AlIto powder)

Electroding (Sputtered gold electrodes,
Received June 2) I4h. revised copy received July 25. 1986. approved air dry silver paste

September i I9M6
Suppined hy the Otffie of Na al Research
*Member. the American Ceramiw Socieiy Fig. I. Procedure for sample preparation.
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-. Lattice constants,
Composition Cr~stal a

>PZN BT PIT S meinr I nm) nrmi K_000 HLi A~T

0.95 0.05 R 5 400' 75
0.90 0.05 0.05 T 0.4056 5008 5
0.85 0.05 0.10 T 0.4034 0.4081 15000 7 45
0.80 0.05 0. 15 T 0.4021 0.4089 14500 4 43
0 75 0.05 0.20 T 0.4019 0.4105 14000 1 40
0.90 0.10 R 0.4059 11400 16 63
0,85 0.10 0.05 R 0.4050 13100 15 56
080 0.10 0.10 T 0.4038 0.4072 13800 14 53
0.75 0.10 0.15 T 0.4024 0.4083 12600 6 52
0.70 0.10 0.20 T 0.4019 0.4091 10000 4 50
0 85 0.15 R 0.4056 9950 16 68
0.80 0.15 0.05 R 0.4050 11000 18 67
0.75 0.15 0.10 R 0.4042 12100 15 61
070 0.15 0.15 T 0.4020 0.4065 12100 11 57
0.65 0.15 0.20 T 0.4013 0.4077 11800 3 51
080 0.20 C 0.4057 7150 25 85
0 75 0.20 0.05 C 0.4044 8600 22 80
070 0.20 0.10 T 0.4036 0.4042 10600 18 70
0.65 0.20 0.15 T U.4024 0.4046 10000 10 66

'R rtw.mbobedral. T ieuag..nai. C. cubic 'AT T (100 kHz) - , (100 Hz) 't.o diectric constani because ul pyrochiore phase. 'At 25'C

Pb(Zn,, Nb,,) 0, determine the percentage of pyrochlore phase. About 15% of
pyrochlore phase was detected in 0.95PZN-0.O5BT ceramics.

0mixed Phase There was -2% to 3% of pyrochlore phase in composition
(PerovSft~te. Py'ochiore) 0.9PZN-0.OSBT-0.O5PT in the calcined powder (9000C/6 h).

10 10 but no pyrochlore phase was detected in sintered samples
-Morphotrop.c Phase (I 100'C/ I hi. The remainder of the compositions did not show a

RoW- Boundary pyrochlore phase after calcination at 900*C for 4 to 6 h. The

*20 * 20 densities of the ceramic samples were in the range 93% to 97% of
Tel eq aal Cb~ctheir respective theoretical densities.

In the PZN-BT binary system. it has been observed that 6 to
%5. 30 6 * * . 30 7 mol% of BT stabilizes the perovskite phase in PZN. It is clear

that in the PZN-PT-BT ternary system. BT narrows the pyrochlore
* . - ormation region. The lattice constants are tabulated in Table 1.

4040 The compositions containing > 15 mol% of PT are tetragonal. The
40 morphotropic phase boundary (MPB) between the rhombohedral

and tetragonal phases occurs between 5 to 15 mol% of PT. The
phase diagram of the PZN-PT-BT systems is shown in Fig. 2. in

50 . . . . b0 which the region where a perovskite pyrochlore mixed phase oc-
PbrT,0, BoT, curs is also indicated. An approximate MPB is also marked. In the

( I - .rPZN--rBT system, compositions with 0.2 < x <0.9 are
Fig. 2. Phase diagram of Pb(Zn, Nb_-0 ,BaTiO,-PbTiO, sys cubic at room temperature. Typical scanning electron micrographs
tern Circles show the compositon of the samples siudied

.5

0Fig. 3. Mi..rosiructure of 1At 0 YPZ.N-0 1ST and (8) 0 85PZN.() o HT.O IPT

%I %~ % ~...~. ~ > N ~
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0 of ceramics arc shown in Fig. 3 The grain size was in the range prominent as the amount of PT increases. In comptos:)ions wi th the
of 2 to 5 Am same percentage of PT. AT. increases with the amount of BT. In
(2) Dielci P e relaxor ferroelectrics if the local Curie temperature distribution is
.2) Dielectric Properties Gaussian. the diffuscness of the transition can be des,ribcd b

The variation of dielectric constant and disipaion factor diffuseness parameters 3. defined in Ref. 9. If the value of 6 is
I kHz with temperature is shown in Figs. 4 to 7. The following large, it indicates a broader dielectric curve. The values of AT..

* generalizations can he made about the dielectric properties peak dielectnc constant (100 Hz). and 3 are listed in Table I The
( 1 The peak dielectric constants are in the range of 6NXX) to value of 8 decreases with the amount of PT. indicating a less broad

, 15000 The compositions near MPB (10 to 15 mol7 of PT) show phase transition. The value of 8 increases with the amount of BT.
the highest peak dielectric constants. in agreement with earlier observation.

(2) Most of the compositions show a diffuse phase transition
with a strong frequency dispersion. The frequency dispersion and (3) Temperature Coefficient of Capacitance
diffuseness of the transition decrease as the amount of PT in the There is a need for high dielectric constant capacitor matenals
composition increases. This can be seen in Fig. 8, %here the which can be sintered at temperatures of < 1000*C. with low tem-
temperature and frequency dependence of two compositions. perature dependence of capacitance. The temperature coefficient
0.9PZN-0 05BT-0.05PT and 0.75PZN-0.05BT-0.20PT are com- of capacitance (TCC) is defined as

v> pared. This trend is evident in all the compositions.
quency.(3) The Curie temperature (T.) increases with increasing fre- TCC = 100 (C - CE'. (I)q uenc , hich is characteristic of relaxor f r o l c i m aterials. C 5

The difference between the Curie temperatures measured at 0. I
and 100 kHz (AT, ) gives an estimation of the relaxor nature of the The values of TCC for a few compositions which have Curie
transition. The Curie temperatures at different frequencies are plot- temperature around room temperature are shown in Fig. 10. For all
ted in Fig. 9 as a function of mole fraction of PT. It is clear that five compositions shown in Fig. 10, the TCC values are within the

.r. both the diffuseness and frequency dependence of T,. become less limits of ZSU and YSU capacitor specifications.

v %"

16000
(A) 0.05 0.2 0.

1I2000
%'0.04- 0.tO

0
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0 0
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Fig. 4. (A) Dielectnc constant and (B) dissipation factor (I kHz) vs temperature for (I - x)PZN-O.OSBT-xPT ceramics.
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Fig. 6. (A) Dielectric constant and (8) dissipation factor (I kHz) vs temperature for 0I - x)PZN-0. 15BT-.tPT ceramics.
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V 180- a I 0Hz 16 £ 0Hz
e lKHz 10 6 KHz
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140.........................80
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Fig. 9. Variation of Curie temperature with mole fraction of PT in (I -x -vIPZN-xBT-yPT system, showing the frequency dispersion for (A) x =0.05.

? (B)1 =0.l0. C) =0.15,D x =0. 20.

IV. Summary

Ceramics in the (I - .r - Y)PZN-xBT-YP T system having thie 20
* perovskite structure can be prepared if the mole fraction of

x > 0.05. The addition of BT to PZN.PT completely suppresses0
the formation of the pyrochlore phase. The pha~se relations and

~ ~ dielectric properties of ceramics with 0.05 S x 5 0.2 and
~/ 0 -5 s 0, 2 have been investigated. The approximate location of -10 b

the miorphotropic phase boundary has been identified. Many of the
.r~. compositioins show a diffuse phase transition with a shift in the

is Curie temperature with frequency. The relaxor characteristics of u d

N.- the transition have been discussed. Compositions with high di- eI-e
electric constant near room temperature and low values of tem-
perature coefficient of capacitance have been identified,
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Measurements of strain and the optical indices in the ferroelectric
Bao. 4Sro.6Nb2O6: Polarization effects
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We repot accurate temperature-dependent measurements of the optic index of refraction, the
birefringence, and the strain in the ferroelectric, tungsten-bronze crystal Bao.Sro.6N,. This com-

* position congruently melts, so large homogeneous high-quality crystals can be grown. From the ex-
perimental data, it appears that far above the ferroelectric phase transition temperature (T, = 88 "C),
up to a temperature T ( = 300'C), the crystals appear to possess a local, randomly oriented (up or
down), polarization P. The values of Td obtained from the index and completely independent strain
measurements are in very good agreement with each other, as are the values of Pd. Various aspects
of our understanding of the polarization behavior and other effects in this ferroelectric system are dis-
cussed.

INTRODUCTION (Ba_,.Sr,)(NbO3)1o since there are ten niobium octahe-
dra in this unit cell and the Ba and Sr atoms occupy the a

There is a great deal of interest in ferroelectric materials and 03 positions randomly. However, there are six such
that have the tungsten-bronze crystal structure.' Above positions and only five Ba+Sr atoms; thus the structure
the ferroelectric transition temperature To, the structure is has built-in defects.
tetragonal and has a center of symmetry (space group Recently, there has been considerable discussion of
D4.PI/,,).' Below T, it remains tetragonal "crystalline ferroelectrics [specifically the tungsten-bronze
(C2-P,,,,) with a reversible spontaneous polarization P,, ferroelectric K2Sr 4(NbO])o] with a glassy polarization
along the tetragonal or c axis. These space groups refer to phase."''- 1 These are materials in which there is evidence
the average crystal structure (these are defect structures2 3) for regions of local, randomly oriented, polarization far
and will be discussed below; none of the tungsten-bronze above the ferroelectric transition temperature To, up to a
ferroelectrics actually are ordered compounds.4  temperature Td. The principal evidence for this behavior

In this paper the properties of the tungsten-bronze fer- comes from the temperature dependence of the index of
roelectric Ba..SrNb20 6 (BSN) are discussed. It has refraction, n(T). However, there is now evidence from
been shown that for x=0.6 the material is congruently low-temperature thermal-conductivity and specific-heat
melting' and, hence, large crystals of high optical quality measurements," Raman measurements of the phonon

- can be grown,' which have found many applications.' spectra,' 2  and second-harmonic-generation measure-
The primitive unit cell of this material is shown in Fig. 1. mentsb for the existence of such polarization behavior.
The chemical formula can be usefully thought of as Some aspects of this work have been reviewed. 14

In this paper, for BSN we show that measurements of
/ "  the temperature dependence of the length, that is, strain,

x (T), also gives strong evidence for a polarization f.ir
above T,. Further, the strain and index measurements,

* o(on the same samples, lead to consistent results. In a di.-
cussion, at the end of the paper, we relate these crystalline
ferroelectrics that have an extended polarization behavior

Ja above the dielectric maximum to ferroelectrics with ,1
diffuse phase transition.

EXPERIMENTAL

FIG. I. The unit cell of the tungsten bronze (IBj.Sr)5iNb00mo Large, clear optical-quality USN crystals were pullcd

looking down the c axis. from the melt by the Czochralski technique in a manner
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36 MEASUREMENTS OF STRAIN AND THE OPTICAL INDICES.. 2031

described previously.' The earlier problems of coring and .
striations in growing tungsten-bronze ferroelectrics have 4 (4) 3SN

been eliminated by using very pure starting materials and U 4. to.

pulling at the congruent melting composition.' Before I

. use, all samples were annealed overnight at 500'C in or- ,
der to remove internal stresses and possible bias effects. o , O,

The remanent polarization P, was obtained by the in- .
tegration of the pyroelectric-coefficient-versus-tempera- /

ture method."5 Thin, sputtered gold c plates were used, .
and the samples were cooled through the transition tem-
perature (T,=88c) with a dc field of 10 kV/cm. The 0 0 03

dielectric constant was measured by standard techniques. (h)

The index of refraction parallel to P, (n3 ) and perpen-
dicular to P, (n1 ) were measured by the minimum- 0 02 1002

deviation technique! Oriented BSN prisms were used in ,
an oven in conjunction with various lasers as light

, . sources

The birefringence, Anji, was also directly measured.
An a-cut plate (i.e., the a axis perpendicular to the plate) 0
was polished into a wedge shape with a known wedge an-
gle (5-7). An 31 was measured using a polarizing micro- 0...... .. 000

scope with a hot stage and the sodium D lines as a light TEkPERATURE (C)
source (X=5893 A). The birefringence was determined

, by FIG. 2. The measured temperature dependence of the dielec-

0 An 31 =X/d sin0, (,) tric constant (e), reversible spontaneous polarization (P,), and

where 0 is the wedge angle and d is the separation be- the pyroelectric coefficient.

tween the interference fringes resulting from the varying
thickness of the wedge.

The length measurements were made from room tem-
prtrto50CudrahaigrtofI*/ion where g and Q are. the quadratic electro-optic and elec.perature to 500"C under a heating rate of I "C/min on

rectangular bar BSN samples cut normal to the c axis to
go e ,T tmtrostrictive coefficients, respectively (both fourth-rank ten-%.' give x 3(7), or the a axis, to give x I(T), typically 8 mmnX I
.mm m1am. The strains were measured as a function of sors). The subscripts can have values 1, 2, or 3 for the

temperature using a linear voltage-differential transformer three directions (x, y, and z), and P is the polarization.
'd e ( 2o mSince BSN is tetragonal, both above and below T, it is:..::,(LVDT) dilatometer (model 24DCDT-250 or model

24DCDT-050) from the Schwartz Co., N.J. easy to write the tensor effects parallel (3 component) and
perpendicular (I component) to the tetragonal axis (3 axis

RESULTS or z axis). Assuming that all polarization must occur
ar oalong the ferroelectric (3) axis, then in contracted nota-
• Polarization tion 3,1 we have, for the indices of refraction,

The temperature dependence of the dielectric constant A - , (4a)
,.. along the ferroelectric axis, e(7, the reversible spontane-

ous polarization P,, and the pyroelectric coefficient are An, = -g, 3 (n°)3 P1/2, (4b)
- . ~plotted in Fig. 2. The results are in reasonable a reement adfrtebrfigne

with earlier published data on these materials. 1- 6 From and for the birefringence,

e(T) we see that T, - 8 "C and note that P, is down to , 13 r pi

zero by t100C. This behavior is in sharp contrast to 8(An3)=An3-An= - _(no 3  p?
the fluctuating polarization behavior that will be discussed

* later. (4c)

" n (T) and x ( n theory where n 0 is the index of refraction if there were no polar-

We consider the macroscopic quantities, the change of ization of any sort present, whether along the 3 axis (n o)
the optic index of refraction, n (T), and the strain, x (n, or perpendicular to it (n).
which is the fractional change of length. In a centrosym- For the strains the expression are

* metric crystal, by symmetry both of these quantities de- Ac/co=Q3 , (5a)
pend on the square of the polarization in the same way:

(2) Aa/ao= QPI • (Sb)Y.' . A9n -1 i q p k p ,1 ( 2 )

..1 An important aspect of Eqs. (4) and (5) is that they de-
'. = . QIVPkP 1 , (3) pend quadratically on the polarization. Thus, if P3 is ran-

k, Idomly, spatially directed up and down, the effects will

0A
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add, not cancel. The second important point to appreci- 2. .... 25

ate is that P3 can be spatially inhomogeneous, but still the 02
effers will add. For measutements of the crystal lengths 0.20 'E

this is clear. For niT) measurements the spatial resolu- .
tion is of the order of the wavelength of light; thus local ' 6328 (n-.0) 0.5-

polarization regions that can be several thousand C3 2.32

angstroms apart will be effectively averaged. 0.10

2.30 BO0 4Sr0 6 Nb 2O6  Z

Figure 3(a) shows the indices of refraction both parallel 2 2S 0

and perpendicular to the tetragonal c axis at 6328 A. As 0 t 200 ,00 600

can be seen, the changes in n 3 are considerably larger TEMPERATURE (t)

than those perpendicular to the tetragonal axis (n j), which FIG. 4. The temperature dependence of n3 at two wave.
is shown in Fig. 3(b) on a considerably expanded scale. lengths as indicated. P4 obtained, as described in the text. is
These data are similar to those published previously.it,' 0  shown. Also shown in P, obtained from Fig. 2.
The most noticeable difference between these results and
the earlier data"s is the lack of thermal hysteresis near T.
The reason for this is not totally clear, however, the crys-
tals reported on here are very pure, annealed, and were
grown at the congruent point in the phase diagram, which above To; then below To, n (T) reflects the spontaneous
results in striation-free crystals. Thus we believe that polarization via Eq. 4(a). Such behavior has been report.

these crystals represent the ture behavior. ed in several systems.19 However, the data in Fig. 4

Measurements taken at 6328 and 4880 A for n 3 are behave quite differently. There is no linear behavior just

* plotted in Fig. 4, where a constant has been subtracted above T,; instead, there appears to be considerable curva-

from the latter results so that both can be presented on ture in n3 above T,.
the same expanded scale. The two straight lines in Fig. 4 approximately represent

'. The data for n3 at 6328 A, are the same as shown in the high-temperature linear behavior of nj(T). Td is"" ~ Th dataonll forne n3 the temera8r at arcc ththmshwni
Fig. 3. Classical, soft-mode ferroelectrics have an index functionally defined as the temperature at which the
of refraction that is approximately linear with temperature straight line deviates from the measured data. As can be

seen, for the data taken at both wavelengths, approximate-
ly the same values of Td are found. Assuming that the
deviations from the straight-line behavior are due to local
polarization regions, the data can be analyzed via Eq. 4(a)

2 34 (a) . . .. to yield a polarization, which is called Pd. This procedure
%, ** 3  has been used before.' - ' 0 . To analyze the data in this

" *manner [via Eq. 4(a)], for each wavelength the straight

2.32 line is taken as n o, An is the difference between the
C- xstraight line and the measured values (An is zero at Td),

%and aused before, 10 we take 933 =0- 10 and 0. 12 rri",'
at 6328 and 4880 A, respectively.2 0 - n  The resultant

2 30 values of Pd at the two wavelengths are plotted in Fig. 4.
7 E 4 Sr 0 Nb2O6  The use of the small wavelength dependence2' of gl Im-

-- 6328 proves the agreement between the two sets of data, which
gives same indication that the ideas in this approach of

- 2312s (b) I ,analysis is correct. Also shown in Fig. 4 is the reversible
polarization from Fig. 2. As can be seen. P, and Pd are

in reasonable agreement at room temperature, which
again indicates that our understanding, via the quadratic

e 2 31 " electro-optic effects, is appropriate.
.' Figure 5 shows birefringence, An),, as a function of

temperature. BSN is an optically negative crystal. As is
23"0 1 evident from Fig. 5, An3 decreases with temperature and
. 310 goes through zero above T, and the crystal becomes opt-

cally positive. Similar to the n3 and n -versus-T data
* *' [Fig. 3(a)], there is no thermal hysteresis noticed in the

An 3 -versus-T data. Also shown in this figure is " -3'
2 3X9

0 200 400 6o obtained (via Fig. 3) at 6328 A. The results are in very

TEMPERATURE 0C) jood agreement with An 31 , which was measured at 5893

A. From these data. P4 can be obtained as has been dis-
FIG. 3. (a) The measured nljand nI at 6328 ,. (b) The same cussed above with respect to nj(T). To do this, we used a

n" shown on an expanded scale. value of 0.09 m'/Cl for the average value of gil, the term

, % % % %
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03

0 02 BSN

O.E

U 0.2•

00 P.'. •~ _ ""."fi-02 nn 3 ',

0

" ~C n3 -P,

e 0 100 200 300 400 500 0 t0 200 300%TEPERATURE (t) TEMPERATURE ()

FIG. 5. The solid line is the birefringence (Anni) measured FIG. 7. Values of Pd, obtained by the different methods are
with the sodium D lines. The results for heating and cooling summarized in this figure. Also, the reversible, spontaneous po-
overlap each other. The open circles are ni-n, obtained from larization P, is shown as the solid line. Pd obtained from ni are
the measurements in Fig. 3. given by the small circles, values from n, are given by the small

open rectangles, values from the birefringence ni are given by
the large open rectangles, and values from Ac/c are given by the

'., large solid circles.
0 C I ' I I

BSN (40:60)
c AXIS in large square brackets in Fig. 4(c). These results will be

presented and discussed in connection with the last figure.

_o x() data

z -io The thermal strain parallel (&c/c) and perpendicular
("a) (Aa/a) to the ferroelectric c axis have been measured by
(a) a high-sensitivity dilatometer. The results are shown in

"5 / Figs. 6(a) and 6(b), respectively. The highest-temperature-1" - data, far above T,, can be approximated by a straight line,
*J / along both axes, as can be seen in the figures. The devia-

/ tion from this linear high-temperature behavior occurs at
-20 1 200 300 4 500 approximately the same temperature (- 300"C). Howev-

-0 00 200 300 400 500 er, due to the much larger strain along the c axis, we
*.. TEMPERATURE (C) place more emphasis on these data than those perpendicu-

lar to the c axis. (The same situation occurs for index
50 data, see Figs. 3 and 4.)

We analyze the deviation of the strain from the high-...-.. SN (40,60)

40 a AXIS temperature linear behavior via Eq. 5(a) to obtain Pd. Us-
in the measured Ac/c and a value" of Q 3  3X10 - 1
mf/C 2, then Pd can be calculated. The results are plotted

o 30 "in Fig. 7.€.--. b30

z DISCUSSION
20 2

In Fig. 7 we summarize the Pd, really (,P I)", values
(b) obtained from n 3, An3,, Ac/c, and even n,, which was

not discussed as yet. Also plotted is the normal reversible
0 -polarization data, P,, from Fig. 2.

-- Considering the differences between the physical quan-
0 0 200 tities that are measured (various aspects of the optic index

0 100 200 300 400 500 of refraction and strain), the agreement in the Pd values in
TEMPERATURE (-C) Fig. 7 is excellent. The values are in good agreement not

only in magnitude but also in the Td values (the tempera-
FIG. 6. (a) The measured strain along the e axis obtained u ture at which Pd differs from zero).

desc ibed in the text. (b) The same, but perpendicular to the c Good agreement would be expected for Pd obtained
UA. from n,(T) and An~a(T) since the largest variations with

- ... % N
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temperature come from n3 (Fig. 2). However, it is could occur either due to cooperative ordering of the po-
, reassuring to see that this is the case, remembering that lar microregions, or to a critical slowing down of the di.

,. the measuring techniques are quite different. Also plotted polar component of the polarizability and a freezing in of
, in Fig. 7 is Pd obtainW from n1(T). As can be seen in the dipoles to a glass state.

Fig. 3(a), the temperature variation of nt is small corn- In the static model the dipolar component which ap.
pared to R3, yet the data are sufficiently accurate so that a pears at temperatures well above T, is already frozen.
reasonable high-temperature linear region can be delineat- Polarizability would now be contributed by expansion and
ed [the straight line in Fig. 3(b)) and P, can be calculated contraction of the dipolar region and the maximum in ej
(via Eq. 4(b)] using fi3 =0.01 m4/C 2 , as discussed. The and T, would be essentially due to cooperative ordering.

* results are quite consistent with Pd obtained by the other Lead magnesium niobate (PbMg1/,3Nb 2/30)) and lead
methods. lanthanum zirconate titanate (PLZT) compositions such

The strain measurements reported here are qualitatively as the 8:65:35 show very strong dielectric relaxation for
similar to those reported in the ceramic24 90% temperatures at and below the weak-field dielectric
Pb(Mg1/ 3Nb2/3)O3- 10% PbTiO]. In this ceramic materi- peak. 23.24 These materials show a remanent polar state
al, the high-temperature region (above = 300 C) can be that is only stable at temperatures much below the dielec-
approximated by linear behavior and very little happens at tric peak (the so-cafled 1-a transition in PLZT). In these
T, (=z50"C). materials there is rather strong ancilliary evidence for the

In two ferroelectric systems that show a higher- dynamical model.
temperature polarization phase similar to that discussed In BSN 40:60 there is clearly a highly dispersive micro.

'r here, the values of Td could be quantitatively understood domain state in virgin crystals cooled below 88 C, but,
in terms of T, of the end member. For example, Td of upon poling, stable macrodomains are retained up to
La doped lead zirconate titainate (PLZT) is approximately 88 "C. 5 Some evidence for the dynamical model may be

% equal to T, of lead zirconate titanate (PZT) (Ref. 8) (i.e., adduced from the work of Sundius, 6 who measured the
* La-free material). Similarly, Td of Pb(Til_,Snx)O 3 is electrostrictive Q33, Q13, and Qi1 constants under ahter-

found' 2 to be equal to T, of PbTiO 3. For BSN crystals nating field. She finds that Q11 is essentially independent
-;. there is no end member for which an estimate of "Td can of temperature to To, but Q33 and Qii are markedly tem-
'V be made. However, we emphasize that the difference be- perature dependent and approach zero near T,. If, as

tween Td and T, is large ( > 200 C). suggested above, a major component of polarizability
Thus, it seems that at =Td small local regions of the comes from the flipping of already polar regions, as is ei-

crystal begin to show a polarization due to a favorable ar- denced from the dilatometric studies, the lattice has al-
rangement of the atoms (presumably the Ba and Sr ready adjusted dimension for these polar regions and ;he
atoms). The macroscopic index of refraction and strain phenomenon of electrostriction (which is quadratic in'er-
measurements can detect this effect because PJ rather sion of P) will not change the crystal shape at all, so that
than Pd contributes to these terms. These macroscopic if polar flipping is the major contributor to dielectric po-
measurements average the inhomogeneous contributions, larizability at T,, Q33 and Q31 must go to zero at that
as discussed. Once local regions of polarization occur, the temperature. For a field E, on the other hand, the up and
cooperative effect that occurs at T, can be understood.t 2  down states of P 3 will not be affected and "normal" elec-

• A critical question which must be addressed, using sup- trostriction constants should be observed.
, plemental data and experiments, is whether the polariza- Another critical experiment which should be attempted

tion observed here at temperatures above the weak-field is measurement of the quadratic electro-optic constan:s
. dielectric maximum (T,) is static, or whether the vector g33, g13, and g,1 . If g 33 and g13 approach zero near ..
" direction in each polar region is suffering dynamical inver- with the same shape as Q33 and Q13, and g1, is also tem-

sions over time. Since both the optical and the dila- perature independent, further strong support would te
tometric measurements d;scussed in this paper measure provided for the dynamical model.
the rms polarization, either model would give equivalent Perhaps the final key to understanding these fascinating
values for Pj. In general, one would expect that dynami- materials will be the identification of the size, shape, and

- cal inversion of Pd in polar micro regions would be modu- nature of the polar nanostructure using high-resolution
lated by a weak external E3 field so as to change the frac- transmission-electron microscopy (TEM). Such evidence
tion of up and down polarizations and thus contribute a is now appearing for PLZT's, PbMg/3Nb/30, and

significant component to the dielectric polarizability. On PbSc,/ 2Ta 1 2 03 relaxor ferroelectncs,2 T2 9 and will cer-
the dynamical model, the dielectric peak at T, in BSN tainly also be important in the BSN compositions.
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Thermodynamic theory of PbTiO3

M. J. Haun, E. Furman, S. J. Jang, H. A. McKinstry, and L. E. Cross
Materials Research Laboratory. The Pennsylvania State University. University Park Pennsylvania 16802

(Received 30 March 1987; accepted for publication 2 July 1987)

A phenomenological thermodynamic theory of PbTiO3 was developed using a modified
Devonshire form of the elastic Gibbs free energy. The spontaneous strain as a function of
temperature was determined from pure sol-gel derived PbTiO 3 powder and used with selected
data from the literature to determine the coefficients of the energy function. The theoretical
prediction of the phase stability, spontaneous polarization and strains, and dielectric and
piezoelectric properties agree well with experimental data. This theory provides a way of
predicting the intrinsic single domain dielectric and piezoelectric properties of PbTiO,, which
have not been completely determined from experimental measurements.

I. INTRODUCTION dependence of the uniform deformation parameter12 by as-
suming the electrostrictive constant to be independent of

Lead titanate has been extensively used in ceramics as temperature. The value of P, at T, was then used to calcu-
an end member of solid solution systems that have important late the fourth- and sixth-order dielectric stiffness coeffi-
technological applications.' However, the properties of pure cients in the energy function." However, the coefficients of
ceramic and single-crystal PbTiO, have been difficult to the polarization interaction terms in a three-dimensional en-
study because of the high electrical conductivity and large ergy function had still not been determined for PbTiO,.
tetragonal distortion that occurs at the ferroelectric to para- Amin et al. 4 determined all of the coefficients of a
electric transition at = 492 *C. three-dimensional energy function, including all of the

Pure, dense ceramic samples will break up into powder fourth- and sixth-order polarization interaction terms. for
when cooled through this transition. Small amounts of do- the single-cell region of the PbZrO3: PbTiO 3 solid solution
pants have been added to PbTiO3 to produce dense ceramics system. The coefficients of the polarization interaction terms
with large electromechanical anisotropy.2 ' These materials were determined by fitting the morphotropic phase bound-
are of interest in high-frequency ultrasonic transducer appli- ary between the tetragonal and rhombohedral states. These
cations,'" but still do not provide data on the properties of coefficients were then extrapolated across the tetragonal
pure ceramic PbTiO. phase field to PbTiO3 . This resulted in a larger dielectric

Small amounts of dopants have also been added to sin- susceptibility parallel to the polar axis compared to that per-
gle-crystal PbTiO, to increase the electrical resistivity and pendicular to polar axis, which does not agree with single-
allow dielectric measurements to be made. Even so, consid- crystal data. 3

erable discrenancies exist in the published data because of The purpose of this study is to develop a more complete
the differences in crystal quality and measuring techniques phenomenological theory of PbTiO 3 that will better repre-
that were used. Values of the Curie-Weiss constant and Cu- sent the intrinsic single domain behavior of this material.
t ie temperature have varied from 1.1 to 4.1 ( X 105 °C) and The temperature dependence of the dielectric and piezoelec-
from 449 to 485 °C, respectively. ' In addition, very little tric properties of PbTiO, could then be calculated. This the-
data exists on the temperature dependence of the dielectric ory could also be useful in investigating solid solution sys-
and piezoelectric properties measured on good-quality sin- tems, where the coefficients of the energy function and
gle domain single crystals. properties of the end member PbTiO, are required.

The development of a Landau-Ginsburg-Devonshire Indirect methods were used to determine the coeffi-
type thermodynamic theory of PbTiO3 would be a particu- cients of the energy function due to the lack of good single
lady useful method of providing a more complete descrip- domain single-crystal data. A sol-gel technique was used to
tion of the intrinsic single domain properties of this material, produce a pure and fine powder of PbTiOJ. Using high-tem-
Remeika and Glass' determined some of the coefficients of perature x-ray diffraction the spontaneous strain was deter-
the elastic Gibbs free-energy function, but were unable to mined from the temperature dependence of the cell param-
separate the fourth- and sixth-order dielectric stiffness coef- eters. These data were used with selected data from the
ticients, because the spontaneous polarization (P,) at the literature to determine the coefficients of the energy func-
Curie point (T, ) was unknown. tion.

Gavrilyachenko et al. "' measured P, at 20 °C from a In the next section the elastic Gibbs free-energy expan-
dielectric hysteresis loop, and used this value to determine sion and the equations used to calculate the spontaneous
the elect rostrictive constant from the uniform deformation polarization and strain, and the dielectric and piezoelectric
parameter' (spontaneous strain). The temperature de- properties will be presented. The experimental high-tem-
pcndence of P, was then calculated from the temperature perature x-ray diffraction measurements and results will

* 3331 J Ap~i Phys 62 (8). 15 October 1987 0021-8979/87/203331-0802.40 @ 1987 American Institute of Physics 3331



then be discussed in Sec. IlI. followed by a description of the II. PHENOMENOLOGICAL THERMODYNAMIC THEORY

procedure used to determine the coefficients of the energy Using the Landau-Ginsburg-Devonshire formalism

function in Sec. IV. Theoretical calculations using these val- the elastic Gibbs free energy was expanded in a power series

ues of the coefficients will be discussed and compared with of the polarization assuming isothermal conditions. The

experimental data in Sec. V. Finally, a summary of this study nonzero coefficients of the energy function were limited by

and future applications of the results will be presented in Sec. the symmetry of the paraelectric phase: m3m for PbTiO,.

Vl. I Using reduced notation,

* '':"AG a,(P+ -P" + P) +a,(P' +P' +P) +a,.(PP P + +a1 (P6 +P6 + P

+a,,[P,(P +P2) +P4(P, +P2) +P4(Pl +Pl)] +a 2 3P]pp _ -s 1 (X2 +X1 +X2)

-s' (X,X, + X2 X + X'X,) - .y +I + X ) -+ X Q (Xp +X.P2 +X3p)

' Q1._[X,(P+ e)x(ep2 + p + X3 (p2 +ep)] -Q'4(X.pzP3 + X'P, p3 + X'PP2.), 1

.4=

where P, and X, are the polarization and stress; a,, a,,, and Relative dielectric susceptibility coefficients (77,,.-

a,,, are the dielectric stiffness and higher-order stiffness 17 = (2a, + 2a, P3 + 2a,,2P 4)e] ,

coefficients at constant stress; s,, is the elastic compliance
coefficient at constant polarization; and Q, is the cubic elec- r/ = [(2a, + 12a, tP + 30, P) 1 ,]-

trostrictive constant in polarization notation. 772 = 1723 = 31 = 0. (10)

There are four possible solutions to Eq. ( 1 ) correspond- Piezoelectric voltage coefficients (g,,)."

ing to the cubic, tetragonal, orthohombic, and rhombohe- g 2

dral structures: QllP3, g ,=2Q2P3, g1=Q4P3. (11)

Cubic: PP =P 3 =P, =0; (2) Piezoelectric charge coefficients (d,,)."
-- "Tetragonah P =P =0, P(;3) d33 = 2co?733Q12P3, d3 1  2eo0 733Q,]P, (12)

Orthorhombic: P1 = P = ; (4) d,.=o17IQMP.

Rhombohedral: p2 =p2 = p #0. (5) The above equations can be used to calculate the sponta-
Te r n eneous polarization and strain, and dielectric and piezoelec-
"The resulting energy functions and spontaneous polariza- tric properties from the dielectric stiffness, higher-order
tion relations for these solutions have been reported in Ref. stiffness, and electrostrictive constants.
14, along with equations for the spontaneous elastic strains Ill. HIGH-TEMPERATURE X-RAY DIFFRACTION
tx, ), dielectric susceptibilities (77,), and piezoelectric con-
stants (d, andg,). High-temperature x-ray diffraction was used to deter-

The cubic and tetragonal phases are stable in PbTiO,, mine the cell parameters of pure homogeneous sol-gel de-

and the orthorhombic and rhombohedral phases are meta- rived PbTiO, powder as a function of temperature. The

stable. The cubic paraelectric phase is taken as the reference spontaneous strain was calculated from the cell parameters

state with an energy of zero. The spontaneous polarization and used to determine the spontaneous polarization through

and strain, and pie: jelectric constants in the cubic state are the electrostrictive constants.

also equal to zero. The relative dielectric susceptibility coef- A sol-gel method, using lead acetate and titanium iso-

ficients (1, ) of the cubic phase are propoxide, was used to prepare PbTiO, powder. To control
17' :, = 17z, = 'u = (2aeV)-', 722 = 17.2 =1 =0. the lead stoichiometry during calcining, excess lead oxide

7 (6) was included in the powder by starting with additional lead
acetate during the sol-gel procedure. After calcining the

The equations for the tetragonal state will also be repeat- dried gel at 800 •C for 24 h, the excess lead oxide was washed
ed here for convenience, out with aceLic acid. The purity of the PbTiO, powder was

Tetragonul solution of the energy function (AG)." found to be greater than 99.987% from semiquantitative

AG = acP' + a,P' + a.P'. (7) spectrographic analysis. Trace elements of less than 0.005%
SSSi and Mg, and less than 0.003% Ca were fotnd. No other

* Spontaneous polarization (P,).' elements could be detected. A more complete description of

% = -a 11 + (a2 - 3ata 1  )l/2 thesol-gel method used is given in Ref. 15.
S2 = 3a,, A microcomputer automated Picker x-ray diffractome-

(8) ter was used to collect the x-ray diffraction patterns using
CuKa radiation. The microcomputer was used to control

Spontaneuus elustic train3 (x, )" the stepping motor of the diffractometer and to collect and
store the data. Using this system the reproducibility of the

position of the 001 and 234 peaks of quartz was less than
S= x.I =Q.P x, =Q1 P, x4 = =x,, =0. 0.0007 and approximately 0.005* 20, respectively. "

(9) A low thermal gradient high-temperature furnace, sinii-
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lar in design to the furnace described in Ref. 17, was attached 134

to the diffractometer. One of the main advantages of this
type of furnace design is that the support of the sample is 133

A computer program was used to determine the angle, @ -

intensity, and width of the diffraction peaks using a Cauchy 130-

% fitting by nonlinear least squares, as described in Ref. 16. , 233
La 129-

0-. The peak angles were used to calculate the cell constants and 9

sample displacement using the Cohen least-squares refine- 4"0 47
ment method. " This procedure corrected the cell constants
due to the sample displacement error. The sample displace- 46

ment was less than 2/um throughout the measurements. 4

The cell parameters at 24 "C were calculated using dif- 45

fractions peaks from 001 to 422 (21.365 to 146.7* 20). These
. 44

values are shown in Table I along with the c/d ratio, unit cell - 002

volume, and theoretical density. 43-
The 002/200 and 233/332 diffraction peaks were mea-

sured as a function of temperature, and the peak angles are 4.
t0 200 400 600

plotted in Fig. 1. These data were used to calculate the cell TEMPERATURE ('C)
parameters as shown in Fig. 2. The extrapolation of the cubic
cell length (a; ) will be described in the next section. The c/a FIG. I. Angles of the 002/200 and 233/332 diffraction peaks of PbTiO,

ratio and unit cell volume are plotted in Fig. 3 versus tem- plotted vs temperature.
perature.

The square root of the average of the sum of the squares C is the Curie constant, e, is the permittivity of the free
of the differences between the measured angles and calculat- space, and 0 is the Curie-Weiss temperature.
ed angles from the cell constants gave a measure of the preci- As described in the Introduction, a wide range of values
sion of the data. This value was 0.006" 20 for the room-tem- of the Curie constant (C) and Curie-Weiss temperature (0)
perature measurements shown in Table I, and less than 0.03" have been reported in the literature. Due to these discrepan-

20 for the high-temperature measurements. The standard cies indirect methods were used to determine C and 9. Amin,
1 deviations of the cell constant values at room temperature Cross, and Newnham t'" calculated the Curie constant from a

were calculated to be + 0.0001 A (see Table I). combination of calorimetric and pheonomenological data.

The same method was used to determine the Curie constant
IV. EVALUATION OF THE COEFFICIENTS OF THE of the sol-gel derived PbTiO3 powder prepared in this study.
ENERGY FUNCTION In both cases a Curie constant of 1.5 x 10' "C resulted. The

The spontaneous polarization and strain, and dielectric Curie-Weiss temperature was determined indirectly from

and piezoelectric properties of PbTiO 3 can be calculated spontaneous strain data as described in the following para-

from the coefficients of the energy function as shown in Sec. graphs.

%, 1I. The coefficients needed for these calculations are the di-
electric stiffness (a,), higher-order dielectric stiffnesses

. , ~ (a,, a,, at,, and a,,2 ), and electrostrictive constants
(Q, , Q, and Q44 ). These coefficients will be determined Q

from experimental data in this section.
All of the coefficients were assumed to be independent I

. ,, of temperature, except the dielectric stiffness constant a,, 0

which was given a linear temperature dependence based on
-. the Curie-Weiss law: e 4.00

~~a, T (-0) /24oC. (13)

TA BLE I Cell parameters and related constants of PbTiO, at 24"C. .8 I 0I I IF-. - 200 40060
_ _-._-_TEMPERATURE (Cl
Cell constant a(A.) 3.8995 + 0.0001'"-'"Cell constant e( ,A) 4.1552 L-0.0001" FIG. 2. Lattice constants of PbTiO, plotted vs temperature. a and c;: are

* c/a ratio 1,066 the lattice constants of the tetragonal structure. a,- and a; are the lattice
Unit cell volume (A') 63.18 constants of the cubic structure above T, and extrapolated into the tetra-
Theoretical density (g/cm') 7.966 gonal region, respectively, a;. was calculated from the tetragonal cell con-

stant data using Eq. ( 19) with the assumption that the x,/x, ratio was
'The standard deviation of the least-squares cell constant calculations. - 3.455 at any temperature.
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T .tn

1.0 ' , and ab is the cell length of the cubic structure extrapolated

1.06-into the tetragonal region.
* O|*2 When calculating the spontaneous strains of the tetra-

,'a .4- gonal structure at a particular temperature, the cubic cell
. . - constant should be extrapolated to that temperature ac-

0 0O2 counting for the thermal expansion. A linear extrapolation
(a) of the cell constant from above the transition can be made

I Q ' ' ' I , I

0  zoo 400 600 over a narrow temperature range with fairly good accuracy.
TEMPERATURE (-C) However, a linear extrapolation of the cubic cell constant of

PbTiO3 of almost 500 C to room temperature may cause

63.4 erroneous results. The linear thermal expansion coefficient
' 'of many oxides changes significantly over a wide tempera-

ture range,"° and thus would also contribute to this error.
63 - Previousiy". 4 the cubed root of the tetragonal volume

(a'-cr) " 3 was used as aS. Using this method there is no
". volumetric strain in the tetragonal state, resulting in a hy-
.. >drostatic electrostrictive coefficient (Q,) of zero. Thus an

(bi alternative procedure should be used to better estimate the

620 '00 spontaneous strain.
0 TEMPERATURE ('eC The ratio of the electrostrictive coefficients Q, and Q,.

can be determined from the ratio of the spontaneous strains

FIG. 3. (at c/a ratio and (b) unit cell volumeofPbTiOj plotted vs tempera- x, and x 3 from Eq. (9):
-= , .'. ure.-ur...x 3/xI = QII/Q 1 2. (20)

0O The linear thermal expansion coefficient of the cubic .ll
constant data (ac) shown in Fig. 2 was calculated from a

The higher-order dielectric stiffness coefficients a,, and linear least-squares fit to be 12.6x 10-6*C-. Using this
a,.. were determined at the transition temperature (Tc) by thermal expansion coefficient, ac was extrapolated a few
equating the energies of the cubic and tetragonal states and degrees to the first set of tetragonal cell parameter data at
combining this equation with the first partial derivative 489 Cand usedasab tocalculatethespontaneousstrainsx,
equilibrium condition dG /dP3 = 0: and x3. The resulting x3 /x, ratio and thus Q,,/Q,_ ratio-was

a,, = [-(T> -O)]/eoCPo, (14) -3.455.
The electrostrictive coefficients of perovskite ferroelec-"- .at,, ( Tc - 0)/2eo0P. (15)a =7).C .1 trics have been experimentally shown to be only slightly tem-

With these equations the Tc - 0 difference and the sponta- perature dependent. t .22 Thus the Q ,/Q12 ratio was as-
neous polarization at the transition (Po) can be used to de- sumed to be independent of temperature. a was then
termine a, and a,,,. calculated from the tetragonal cell constant data using Eq.
igBy substituting Eqs. ( 13)-( 15) into Eq. (8) the follow- (19) with theassumption that the x/x, ratio was - 3.455
ing relation results: at any temperature. The a data calculated using this proce-

"" = ObP
2, dure are plotted in Fig. 2.

where The spontaneous strains x, and x 3 were calculated from
wh er the cell parameter data shown in Fig. 2 using Eq. (19) and

lb ,= 1 + I ) (16) were plotted in Fig. 4. A computer program was used to
3 4(Tc -- ) determine the values of x1 o, x,,, and 0 that gave the best

Equation (16) can be used to calculate the spontaneous po- least-squares fit of the experimental strain data using Eqs.
larization from P,0 , 9, and T c - 0, independently of the Cu- (17) and (18) with T c equal to 492.2 *C. This value of T,
rie constant. was determined from a polynomial fit of the PZT phase dia-

* Similar relations can be derived for the spontaneous gram,14 and agrees with x-ray and DTA data of the sol-gel
strains x, and x3 by substituting Eq. (16) into Eq. (9): derived PbTiO, powder used in this study. The theoretical fit

X wher (17) of the strain data is shown in Fig. 4 by the solid curves, and
I= d0x, 0, where X,o = Q,,p~o, (17) the constants used in the calculations are given in Table I.

X x = bx3., where x01=Q,,Po. (18) Using Eqs. (16)-(18) thespontaneous polarization can

x,, and x,, are the spontaneous strains at the transition tem- be calculated from the electrostrictive coefficients and the
. perature T,. constants determined above. The electrostrictive coefficients

The spontaneous strains x, and x, can be calculated have not been directly measured on PbTiO3 , but can be cal-

- from the cell constants using the following relations: culated from experimental spontaneous polarization and
strain data. Using the room-temperature P, value of 0.75 C/r'.."x, = (a, -a, )/a -, x3 = (c, -a .)la .. (19)x=(.'X ( - . ( m2 from Ref 10l the Q, and Q, constants were calculated

a, and c, are the cell constants of the tetragonal structure, from the spontaneous strain data as listed in Table II. The
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FIG 4. Spontaneous strains x, and x 3 plotted vs temperature. The data FIG. 5. Spontaneous polarization P, plotted vs temperature. The data
points were calculated from the lattice parameter data shown in Fig. 2 using points were calculated from the experimental spontaneous strain data
Eq. (19). The solid curves were calculated from the theory using Eq. (9) shown in Fig. 4 using Eq. (9) and the electrostrictive constants listed in
and the constants listed in Table 1[. Table 1i. The solid curve was calculated from the theory using Eq. ( 16) and

the constants listed in Table 11.
Q, constant listed in this table was estimated in Ref. 23 from
7, 1, d, 5 , and P, data using Eq. (12). peratures below - 100 'C, where the defect contribution

The spontaneous polarization at the transition (Po) was has "frozen out," may represent the intrinsic dielectric con-
calculated from xo and x3o using Eqs. (17) and (18) by stants if no further relaxations occur at lower temperatures.
assuming temperature-independent electrostrictive con- The agreement between the experimental and theoretical
stants. P, was used with the other constants listed in Table II values of 7733 at low temperatures is fairly good considering
to calculate P, as a function of temperature from Eq. (16) as the constants used in the calculations were determined inde-
shown in Fig. 5 by the solid curve. The data points in this pendently of any dielectric data and the electrostrictive con-
figure were calculated from the experimental spontaneous stants and higher-order dielectric stiffness coefficients were
strain data using Eq. (9). assumed to be independent of temperature.

The dielectric stiffness coefficients a1 , a,,, and a1 1 To calculate the dielectric susceptibility coefficient ?7,,
were calculated from Eqs. (13)-(15) using the values of C, using Eq. (10) the dielectric stiffness coefficients a, 2 and
Tc, 0, and P, listed in Table II. Using these coefficients the a,,, must be determined. These two coefficienis are not pres-
dielectric susceptibility coefficient 1733 was calculated as a ent in the energy function for the tetragonal state [ Eq. (7) 1
function of temperature from Eq. (10) as shown in Fig. 6 by or in the first derivative quantities [Eqs. (8) and (9) 1, but
the dashed curve. The data points and solid curves of the 773 do arise in the second derivative dielectric properties [Eq.
and 17, coefficients in this figure are experimental dielectric (10) 1. Thus experimental 17, data are needed to determine
constant measurements on crystals of PbTiO, by Fesenko, a1 , and a 12. The low-temperature 71, data shown in Fig. 6
Gavrilyachenko, and Zarochentsev.'3 The decrease in di- were used to determine temperature-independent o,, and
electric constants from 0 to - 100 *C was reported as being a, 1 2 coefficients that gave the best least-squares, fit of these
due to the relaxation of the defect contribution present in data with Eq. (10). 77, was then calculated as a function of
these crystals. The values of the dielectric constants at tem- temperature as shown by the dashed curve in Fig. 6.

300
TABLE 11. Constants used in the theoretical calculations.

To('C) 492.2
8* 478.8 1-20

TC - 8(-C) 13.4 W
C(10 C) 1.5
X 0(l0 - ) -0.362 (a

%x ,( 10
-
1) 1.24 2 -

P(C/m) 0.373 M ,s . .
Q,( 10- m'/C2

) 8.9 ,- - -
Q12( I0-, m4/C1) - 2.6 -J --

Q" Q o( O- ml/Cl) 6.75' La
' a,(10' m/F) at Tc  5.045 _ I 1 1 1

a,(l m/F) at 25 C - 1.708 TEMPERATURE (C)

S,,(a10' m/C' F) - 7252
a2 1(0 m/C' F) 7.5 FIG. 6. Dielectric susceptibility coefficients im and rit, plotted vs tempera-
a,( 10 m9/C' F) 2.606 ture. The data points and solid curves are experimental measurements on
,,( 1o0 m/C' F) 6.1 single crystals from Ref. 13. The dashed curves are theoretical calculations

using Eq. (10) and the constants from Table II. The experimental 7, data
'From Ref. 23. was used todetermine thea , and a,, dielectric stiffness coefficients.
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V. THEORETICAL CALCULATIONS oo0 10 ioooo

The tetragonal and orthorhombic solutions to the elas-
tic Gibbs free energy, and the dielectric and piezoelectric
properties of PbTiO3 will be calculated in this section using S o00 000
the equations from Sec. II and the constants from Table [I. F7
Comparisons will then be made with experimental results. ,. I

The tetragonal and orthorhombic solutions to the elms- :e 600- 6000

ti. Gibbs free energy are plotted versus temperature in Fig. -
7. The tetragonal solution was calculated from Eq. (7), and P
the equation used for the orthorhombic solution is given in u.M. 400- -4000
Ref. 14. Above Tc (492.2 *C) the energy of the tetragonal
state is positive, and thus the cubic state with the reference M7
energy set to zero is stable. At Tc the tetragonal energy de- Q

p creases to zero, and then becomes negative below T c causing - 200 ooo

the tetragonal phase to become stable. TC 2
4?- As shown in Fig. 7 the energy of the tetragonal state is

always lower than that of the orthorhombic state, and thus 0 t-30 0 60

PbTi0 3 does not transform to orthorhombic as occurs in 3MP A 3R 600

BaTiO 3. This is due to the larger value of the 6 ratio TEMPERATURE M)

( - a /a ) in PbTiO, compared to that in BaTiO 3. The FIG. 8. Dielectric susceptibility coefficients of the tetragonal ('h, and 71,,)

value of (b controls the transition temperatures to lower sym- and cubic (17,,) phases plotted vs temperature.

metry phases. The value of 0 in PbTiO 3 is large enough to
keep the tetragonal phase stable down to 0 K. A lower value anisotropy ( 1, 1 /7 3 3 ) at room temperature was more than an
of (, in BaTiO3 causes the tetragonal to orthorhombic and order of magnitude greater than in PbTiO3 .

. orthorhombic to rhoinbohedral transitions to occur.' In addition to controlling the phase stability as de-
The higher-order dielectric stiffness coefficient a, 2 is scribed above, the value of 0 also controls the dielectric an-

needed to calculate the energy of the rhombohedral state. .  isotropy. The larger value ofO4 in PbTiO3 causes the anisot-
This coefficient can be determined in the PbZrO,:PbTiO, ropy to be smaller than in BaTiO 3. If the value of & is
solid solution system where the rhombohedral phase is sta- increased, the anisotropy (r7/ 17733) will decrease and esen-
ble, and then extrapolated to PbTiO,. Using this procedure tually 17,, will be less than 7733 at all temperatures.
the energy of the rhombohedral state was calculated and The ratio of the sixth-order dielectric stiffness coeffi-
found to be greater than the energy of the tetragonal state. cients a 1 1 2/a 11 and a 123/ 1: 11 t controls the dielectric anisot-

The dielectric susceptibility coefficients in the cubic and ropy and phase stability in addition to the , ratio. Isupov25

tetragonal phases were calculated from Eqs. (6) and (10) hasstudied the effect ofthea 2 ,a, 2, anda,,3 coefficients on
and were plotted versus temperature in Fig. 8. In the tetra- the phase stability of perovskite ferroelectrics.
gonal state close to T, the dielectric susceptibility perpen- The piezoelectric voltage and charge coefficients (g,,
dicular to the polar axis (7,) is less than the susceptibility and d, ) were calculated as a function of temperature using
parallel to the polar axis (17,,). At a lower temperature the Eqs. ( 11 ) and (12) as shown in Figs. 9 and 10, respectively.
values of these coefficients cross, and then 77, becomes
greater than 77,,. This same effect was theoretically9 and ex- -o

% perimentally 4 found to occur in BaTiO 3, except that the

E
*>

o . 120-.. 2 i
0.., ' ' -- "Tw

-, ORTHORHOMSIC -

Te

~-50- 0
* t 8CC s., so -e

.S.o.. -tO0 TEMRAGONAL

00 -100 0
240-

4 -9 31

-300 0 300 600 0 T

TEMPERATURE (*C) CL

V.:- - 300 0 300 600
FIG 7 Elastic Gibbs free energ> for the tetragonal and orthohombtc state, TEMPERATURE ('C)

. plotted v% temperature FIG. 9. Piezoelectric voltage coeffictents (g,,) plotted vs temperature.
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O 500 the dielectric constant as previously described. An experi-
mental value of - 25 pC/N was reported for the dI coeffi-
cient.26 This value is in good agreement with the calculated

'..-40C d, shown in Table III. The temperature dependence of the
-- z d, coefficient was also reported in Ref. 26, and is plotted in

3 _ Fig. I I along with the theoretical temperature dependence.
&A . The d,5 coefficient was experimentally found to be 65 pC/

300 N, compared to the theoretical value of 56 pC/N shown in

W, -a Table III.
'a.

4". xo o0 VI. SUMMARY

Sd High-temperature x-ray diffraction was used to deter-

Wmine the cell parameters of pure sol-gel derived PbTiO,
Uleo powder. The spontaneous strain was calculated from these

.-.* 2o data and used with the electrostrictive contants to calculate
. - the temperature dependence of the spontaneous polariza-

0 tion. All of the coefficients of the energy function were as-
-300 0 300 60o sumed to be independent of temperature, except the dielec-

TEMPERATURE 11C)
tric stiffness coefficient which was given a linear

FIG. 10. Piezoelectric charge coefficients (d,) plotted vs temperature. temperature dependence based on the Curie-Weiss law.
These coefficients were determined from the experimental
data collected in this study and from selected data from the

The negative temperature dependence of the gij coefficients literature. The theory was found to predict the spontaneous
was caused by the temperature dependence of the spontane- polarization and strains very well.
obus polarization. The positive temperature dependence of The calculated phase stability was found to agree with
.-the d and d3 coefficients was caused by the strong temn- the experimental phase diagram by predicting a cubic to te-

perature dependence of the dielectric susceptibility coeffi- tragonal phase transition without any other transitions to
cient 3, which dominated the temperature dependence of lower symmetry phases. The theoretical dielectric suscepti-
the polarization. The smaller temperature dependence of bility coefficients and anisotropy of these coefficients were in
r7, t, compared to 1733. caused the d, coefficient to increase good agreement with experimental dielectric data at low
only slightly over a wide temperature range. temperatures where th,. defect contributions had "frozen

Table III shows the theoretical single-crystal spontane- out." The calculated piezoelectric d , coefficient was also
ous polarization, AG's of the tetragonal and orthorhombic found to agree quite well with low-temperature experimen-

"-.. states, and dielectric and piezoelectric properties of PbTiO 3  tal data.
at 25 *C. The calculated values of the dielectric susceptibili- The energy function developed in this study provides a
ties 7/,, and 7/3 shown in this table are considerably less than way of preceding the intrinsic single domain dielectric and
the experimentally measured values at room temperature piezoelectric properties of PbTiO, which had not been corn-
from Ref. 13. However, as previously shown in Fig. 6, good pletely determined from experimental measurements. This
agreement was found at low temperatures where the defect
contribution to the susceptibility had "frozen out."

The value of the calculated piezoelectric d33 coefficient
shown in Table III is less than the experimentally measured
values of 117 pC/N (measured by a dynamic method) and 6 ,
193 pC/N (measured by a static method). 2" The larger ex- . /
perimental values may be due to the defect contribution to Vf

Z 4 0 -
2

TABLE Ill. Calculated single-cry-stal properties of PbTiO, at 25 'C. - -

20-
P. (C/fQ) 0.75 S

%AG,( 10 J/ml) - 32.1 -

rt,66.6 "

124.4 o0 0 20oo 400
g, 10 ' vm/N) 134.3 a. TEMPERATURE (00
g ,,(10 'Vm/N) -392
g,,( 10-' V m/N) 50.9 FIG. II. Piezoelectric charge coefficient d,, plotted vs temperature. The
d,,(10 C/N) 79.1 diamond-shaped data point is an experimental room-temperature value of
d,, ( 10 ' C/N) - 23.1 d,, from Ref. 26. The circular data points and solid curve are the experimen-
d,,( 10- ' C/N) 56.1 tally measured temperature dependence of d,, from Ref. 26. The dashed

curve is the theoretical calculation.
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ABSTRACT

The lattice parameters of aol-gel derived Pb(Zr Til x)03 powders were

determined as a function of temperature using a microcomputer automated
Picker x-ray diffractometer. The spontaneous strain was calculated from the
lattice parameters, and used with other experimental data to develop a
thermodynamic phenomenological theory for the PZT solid solution system. A
second tricritical point, where the transition changes from first to second
order, was found to occur near or possibly at the morphotropic phase
boundary between the tetragonal and high temperature rhombohedral phases.
Using an equation derived from the theory. the spontaneous tilt angle of the

from the experimental spontaneous strain data.

INTRODUCTION

Ceramics of lead zirconate:lead titanate (PZT) solid solutions have
been widely used for piezoelectric transducer applications, because of their
superior properties1 . Compositions of PZT have also been used in
pyroelectric detectors2 .

The PZT phase diagram is shown in Figure 1. A cubic paraelectric phase
(PC) occurs at high temperatures and has the perovskite crystal structure
ABO 3 . On the PbTiO3 side of the phase diagram, a ferroelectric tetragonal
phase (FT) exists with a spontaneous polarization along the pseudocubic
[001] direction. A morphotropic boundary separates the tetragonal phase
from a ferroelectric high temperature rhombohedral phase (FH(cT)).

Another ferroelectric to ferroelectric phase transition occurs between
the high and low temperature rhombohedral phases. Both of these
rhombohedral phases have a spontaneous polarization that occurs along the
11111 direction. The low temperature rhombohedral phase has a tilting or

* rotation of the oxygen octahedra about the (1111 axis, which does not occur
in the high temperature phase.
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O i I I
50 I1 -C"

, Pb~~~~r~a i m0 0 3 0 5 0 7 0 9 o~

SO350'% 34

~300
acS *.

250q

PbZrO, 10 20 30 40 50 60 70 80 90 Pbfl05
I.,' MOLE % PbTiO,

Figure 1. The PbZrO3 :PbTiO 3 phase diagram
1 .

On the PbZrO3 side of the phase diagram antiferroelectric tetragonal
(AT) and orthorhombic (A O) phases are present. These antiferroelectric
phases are composed of two sublattices with equal and opposite polarization

.e', resulting in zero net polarization.

- A phenomenological thermodynamic theory using the Landau:Ginsburg:
j Devonshire formalism has been a useful method of correlating the dielectric.

piezoelectric, elastic, and thermal properties of many ferroelectric
materials. When good quality single domain single crystals of the material
"rv available, the unknown coefficients of the energy function can be
directly determined.

Unfortunately. good quality single crystals are not available for the
PZT system, and thus the procedure used to determine the coefficients of the
energy function must be indirect. One indirect method is to use 5-ray
powder diffraction to determine the cell parameters as a function of

• ,temperature. The spontaneous strain can then be calculated and related
through the electrostriction coefficients to the intrinsic spontaneous
polarization, which can be used to determine coefficients in the energy
funct ion.

A phenomenological theory has been developed for the single cell region
(cubic, tetragonal. and high temperature rhombohedral phases) of the PZT
solid solution system using spontaneous strain data determined from x-ray
diffraction-. The theory was then extended to include the low temperature
rhombohedral phase by incl~ding the oxygen octahedral tilt angle as an
additional order parameter4 . . First order phase transitions were assumed
in this theory, where a discontinuous change occurs in the lattice
parameters and spontaneous polarization at the transition.

However, at the cubic-rhombohedral boundary, a tricritics." point has
been shown to exist at the Pb(Zr 0 .9 4 Ti 0 .6 )03 composition, where the
transition changes from first to second order. At a second order phase
transition, the lattice parameters and spontaneous polarization change
continuously, and thus a change from discontinuous to continuous behavior
occurs at a tricritical point.

IN I NI N' % % i-
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From PbZrO3 to the tricritical point, the transition was shown to be of
first order, and a region of second order behavior occurs from the

tricritical point over to at least the Pb(Zr0 .$Ti0 1 2 )0 composition2.
Experimental spontaneous strain data for PbTiO3 an several ZT compositions
in the tetrasonal phase field over to the morphotropic phase boundary

indicate that the cubic-tetragonal phase transition is first order. A

second tricritical point should therefore occur between Pb(Zr 0 .8 8 Ti 0 .1 2 )O3
and the morphotropic boundary.

To find the second tricritical point, sol-gel derived PZT powders were
prepared for several compositions in the rhombohedral phase field. The
lattice parameters were determined as a function of temperature from high

temperature s-ray diffraction and were used to calculate the spontaneous
strain. Using this data with the phenomenological theory, the second
tricritical point was found to occur near or possibly at the morphotropic
boundary. A theory was developed for the second order transition region

between the two tricritical points, and the details of this theory are

presented in Reference 6.

The purpose of this paper is to describe the x-ray measurements and

aialysis, and the application of the x-ray data to the development of a

phenomenological theory of PZT.

HIGH TEMPERATURE -IAY DIFFRACTOH EM

* A microcomputer automated Picker x-ray diffractometer was used to
collect the x-ray diffraction patterns. The stepping motor was controlled

by the microcomputer, which was also used to collect and store the data.
Using this system the reproducibility of the position of the 001 and 234

' peaks of quartz was less than 0.0007 and approximately 0.005 degrees two-

theta, respectively7 .

A low thermal gradient high temperature furnace, similar in design to

the furnace described in Reference 8. was attached to the diffractometer.
One of the main advantages of this type of furnace design is that the
support of the sample is independent of the body of the heating chamber.
Thus the initial alignment of the sample will not be affected by a change in
temperature.

I-RAY MEASUREJENTS AND ANALYSIS

Four compositions of Pb(ZrTil,)03 with x equal to 0.6. 0.7. 0.8. and0.9 with excess lead oxide were prepared using a sol-gel method, as

described in Reference 9. The dried els were calcined at 800oC for 24
hours. The excess PbO was then removed by washing the powder with a 50/S0
acetic acid/1 20 solution.

The x-ray diffraction patterns of the four PZT powders were measured
using the system described above. The step size and count times used varied
from 0.02-0.05 degrees two-theta and 2-15 seconds depending on the
temperature and angle of the peak being measured. Larger step sizes and
longer count times were used as the peak angle increased. The count times
were also increased as the temperature was increased.

The high temperature cubic structure distorts to a lower symmetry when
-.P. transforming to the tetragonal or rhombohedral phases, and many of the

.. .,
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476 IX. HIGH TEMPERATURE AND NON-AMBIENT POWDER DIFFRACTION

diffraction peaks split into multiple peaks. The lattice parameters of the
structure determine the angles of these multiple peaks. At the second order
cubic to rhombohedral transition the lattice parameters change continuously,
and thus the splitting of the peaks from single to multiple peaks also
occurs continuously.

Figure 2 show the splitting of the cubic 220 peak to form the
rhombohedral 220 and 720 peaks for the Pb(Zr0 8Ti 0 )03 composition.
According to the phase diagram. the cubic to rhombohedriI phase transition
occurs at 2986C for this composition. Above the transition at 3080C. the
cubic 220 peak displays the K 1 and K62 radiation since the overlap has been
eliminated. Below the transition two peaks occur corresponding to the
rhombohedral 220 and 220, each with a contribution from [01 and [ 2 .

A computer program was used to determine the angle, intensity, and
width of the diffraction peaks using a Cauchy fitting by nonlinear least
squares, as described in Reference 7. On the right side of Figure 2, the
computer fitting of the peaks was superimposed over the measured peaks. The
101 an [02 peaks were accounted for in the fitting, as can be seen by the
fit of the single 220 cubic peak at 3086C.

220 220

220 220

'p7 127
197

'p1

-8364 a3 84

* Angle 28 (Beg)

Figure 2. The x-ray diffraction pattern of the
Pb(Zr0 8Tio 2)03 composition showing the

splitting ofthe cubic 220 peak into the
rhombohedral 220 and 220 peaks. The
measured peaks are shown on the left side

* of the figure, and the computer fitting of

the peaks superimposed over the measured
peaks is shown on the right.
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The rhombohedral 220 and 720 peaks could be separated up to 2650C by
keeping the width of the peaks constant. Above this temperature the
splitting became too small to distinguis~h the two peaks.

In Figure 3 the angle of the peaks determined from the computer program
are plotted versus temperature. Between 2656C and the phase transition.
where double peaks could not be fit, a single peak angle was determined.
The dashed lines refer to the transition temperatures determined from the
phase diagram.

C3EL PARAMETERS AND SPONTANEOUS STRAIN

adFour sets of rhombohedral double peaks (11l, 121; 220, 220; 222, 222;
a420. 420) were used to calculate the cell parameters using the Cohen

least squares refinement method10 . This procedure also allowed for a
correction due to the sample displacement. which was usually Less than 0.03

m. The square root of the everage of the sun of the squares of the
differences between the measured angles and calculated angles from the cell
parameters gave a measure of the precision of the fit. These values were
usually less than 0.02 degrees two-theta and often less than 0.005 degrees
two-theta.

teThe rhombohedral angle is plotted versus temperature in Figure 4a for
tefor the four rhombohedral compositions. The spontaneous strain X4 was

calculated from the rhombohedral angle a using the relation X4
(900-01I900. and is plotted in Figure 4b.

The spontaneous strain 14 in the high temperature rhombohedral state
was related to the spontaneous polarization P3 through the electrostriction

'4. constant Q44 by

z4 Q4 4 P3 (1

63.9g

e Zr/Ti=80/20
-63.8-

CD 220

uj 63.7-6

63.5- 0e e I
*RL1. I RH

634 - i. L .1 i .
0 100 200 300 400

TEMPERATURE (OC)

Figure 3. The angle of the cubic 220 peak
% ad the rhombohedral 220 and 220

pasks plotted versus temperature
* for the Pb(ZroBTi0 .2)03

composition.
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90.0 4 1 1

8I8Zn,/Ti-90/lO

89. L__i,90110 .
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89/ I I 2-I I
zw 89 8Z j 80/20

0 lo 030 40 2- 30 4
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-. I

r..-.-(a) (b)

Figure 4. The a) rhombohedra[ angle andi b) spontaneous &train, plotted versus

"temperature for four PZT compositions within the rhombohodral
~phase field.

- . The spontaneous polarization was then used to solve for the fourth and sixth
:',' "order dielectric stiffness constants of an nry fnton (see Reference 6

". for more details of the theoretical calculations).

~The fourth order constant was found to be positive, indicating that the

transition from cubic to rhombobedral is second order for allI four of the
compositions. If this constant was negative, the transition would be of
first order. The sixth order constant was also positive and decreased with

.... , composition from Pb(Zr 0 9Tio0 03 to Pb(Zr 0 6T'0.4)031 and from a linear

.- .. extrapolation would become zero near the iorph'otropic boundary. This

.-. indicates that a tricritical point would occur and the transition would
,," change back to first order.

OXYGEN OCTAHE.DRAL TILT ANGLE

Spontaneous tilt angle data of the oxygen octahedra in the low
temperature rhombohodral phase are needed to determine the tilt angle

related coefficients in the oner|y function for PZT. Unfortunately, the
tiltatl has boon determined only for Pb(Zr 0 9Ti0 )O3 at 25 and60 and for Pb(ZV0.6 0 3  iat 9k using neut'ion Wiffraction.

"" " . ". I " . "
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However, the tilt angle can be calculated from the spontaneous strain

data using the following equation derived from the phenomenological theory6 :

n4 - Q44  . 44 3 (2)

The first term in this equation is an electrostrictive tern, and is the same

as that used to calculate z4 in the high temperature state (equation 1).

The second term is a rotostrictive term, where R44 is a rotostriction

constant and 03 is a component of the tilt angle.

The high to low temperature rhombohedral transition has been shown to

-' be of first order2 . The temperature dependence of the rhombohedral angle
- and spontaneous strain remain similar above and below the transition (see

Figure 4), even though the spontaneous polarization and tilt angle change

discontinuously at the transition. This happens because the

electrostrictive effect causes the structure to expand, while the

rotostrictive effect causes it to contract.

The electrostriction Q4 4 and rotostriction R44 constants were

calculated from experimental spontaneous strain, polarization, and tilt

angle data. which are available for the Pb(Zr 0 9 Ti 0 1 )0 3 composition 1 2 . The
tilt angle was then calculated from the spontaneous strain data using the

phenomenological theory to determine the spontaneous polarization.

* Figure 5 shows the tilt angle of Pb(Zr 0 9Ti0 1)03 calculated using this
method, along with data that were determinea from neutron diffraction. The
tilt angle was also calculated for the Pb(Zr 0 7 Ti 0 3 )0 3 and Pb(Zr 0 8 Ti 0 2 )O

compositions, and is shown in Figure 6 along* with the theoretical
calculations (solid curves) of the tilt angle using the phenomenological
theory.

• ~~~~10r
. /- From Michel.et. a11969

From x-ry data

, i , I ,

20 40 60-

" TEMPERATURE ('C)

~Figure S. The spontaneous tilt angle plotted
- -- versus temperature for the
,, Pb(Zr0 9 Ti0 1 )O3 composition. The

circular data points were calculated
* from z-ray spontaneous strain data

Figure .and the triangular data points were

determined from neutron diffraction
1 1' 1 2
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6,-
0 4

Zr/Ti x70/30 90/10
2" 80/20-

d',0 .1 I , , , , I i , , I,0 50 100 150

TEMPERATURE (*C)

Figure 6. The spontaneous tilt angle
plotted versus temperature.
The data points were
determined from x-ray
spontaneous strain data, and
the solid curves were
calculated from the
phenomenological theory

6 .

SUXNARY

I-Ray diffraction patterns of sol-gel derived PZT powders weore measured
as a function of temperature using a microcomputer automated Picker x-ray
diffractometer. The angle, intensity, and width of the diffraction peaks
were determined from a Cauchy fitting by nonlinear least squares. The cell
parameters were calculated from the peak angles using the Cohen least
squares refinement method.

The spontaneous strain z4 was then calculated from the rhombohodral
angle and used to determine the spontaneous polarization through the
electrostriction constant Q44. The strain data were also used to calculate
the oxygen octahedral tilt angle.

A thermodynamic phenomenological theory for the second order region of

the PZT solid solution system was developed using this polarization and tilt
angle data. A second tricritical point, where the transition changes from
firbt to second order, was found to occur near or possibly at the
morphotropic boundary between the tetragonal and rhombohedral phases.
Additional spontaneous strain data will be required to precisely determine
where this tricritical point occurs.

N." This second order theory will be combined with a previously developed
first order theory, and then extended to include two sublattice
polarizations to account for the antiferroelectric region of the phase
diagram. A single energy function will then be able to describe the entire
PZT system.

1.
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TEMPERATURE BEHAVIOR OF TIlE COMPLEX PIEZOELECTRIC
d3 l COEFFICIENT IN MODIFIED LEAD TITANATE CERAMICS

. azianovic, T.R. Gururaja, S.J. lang and L.E. Cross

Materials Research Laboratory, The Pennsylvania State University,
University Park, Pennsylvania 16802, USA

ABSTRACT: Piezoelectric properties of modified lead titanate ceramics were

investigated in an effort to explain the large electromechanical anisotropy observed in

these materials. While the thickness coupling factor is approximately constant with

temperature, the planar coupling factor becomes zero near room temperature, probably

indicating a change in sign of the piezoelectric d31 coefficient. It is shown that for an

accurate description of the electromechanical behavior of modified lead titanate ceramics,

5- all material constants relevant for the planar coupling mode (sitI, C33, d3 t) must be
,o " taken as complex. Possible contributions to the complex d31 are discussed.



_ . IN4TRODUCTON:

Modified lead titanate ceramics have recently received a great deal of attention as

promising materials for transducer arrays [1,2]. Unlike most piezoelectric ceramics,

such as PZT, whose planar coupling factor (k ) is in excess of 0.50, some of the

modified lead titanates show vanishingly small planar coupling factor at room

temperature [1-3] . However, the thickness coupling factor (kt) for both types of

materials is approximately 0.50. Among the compositions reported in the literature, the

, samarium and calcium modified lead titanates have exceptionally high electromechanical

anisotropy i.e. high kt P ratio. The properties of these ceramics have been measured at

room temperature and their potential applications described, however little was discussed

about the possible mechanisms responsible for the observed electromechanical

anisotropy [1,2]. The only data on temperature dependence of the electromechanical

properties was reported by Xue et al. [3]. This paper is a report on the preliminary

investigations of the temperature behavior of the complex piezoelectric properties of

calcium and samarium modified lead titanate ceramics.

il MATERIALS PREPARATION AND MEASURMENTS:

Ceramics with compositions (Pb0 8 5 Sm 0 1 0 )(Ti 0 9 8 Mn 0 0 2 )0 3 and
(Pb 0 .76Ca0 24 )[(Col/ 2 WI/

2)0 Ti0 9 6 ]O3 were prepared by conventional processing

using mixed oxide powders [2,31. Sintered ceramics in the form of discs were poled up

-f to 60 kV/cm at 150 "C in silicon oil for 5 minutes. These poling conditions were

. necessary to obtain a saturation of the thickness coupling coefficient to about 0.45 -

-a-..! 0.50, the piezolectric coefficient d33 to about 55-60 pC/N and the planar coupling

coefficient k of less then 0.01 at room temperature for both compositions. Therefore.

0
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the kt/k p was close to 50 at room temperature. The planar coupling coefficient was

calculated from the measured frequencies of the series (fs) and the parallel (fp) resonance

of a thin disk using the equation derived by Mason [4]. The thickness coupling

coefficient was calculated from the ratio of the overtone frequency f2 to the fundamental

frequency ftof the thickness mode series resonance, f2/fI, using Table 1I in Onoe et

al.'s paper [5]. All impedance measurements were performed using an tIP 4192A LF

Impedance Analyzer interfaced with a computer. The piezoelectric d33 coefficient was

measured with a Berlincourt piezo d33 meter.

RESULTS AND DISCUSSION:

Fig. I and 2 show planar and thickness coupling factors as a function of temperature

for Sm and Ca modified lead titanate ceramics. An interesting behavior was that the

thickness coupling factor remains approximately constant with temperature, while the

planar coupling factor goes through zero near room temperature. It then increases below

and above this temperature reaching a maximum value of approximately 0.04 at the ends

of the investigated temperature range. Similar behavior of kp was reported earlier by Xue

et al. [3] for Sm doped lead titanate ceramics.

One could attempt to explain the observed disappearance of the resonance for the

planar coupling mode by considering the temperature dependence of relevant material

constants. The planar coupling factor is related to the transverse coupling factor k3 1 ,

* which in turn is related to piezoelectric constant d3 1, elastic compliance sE1 and

dielectric permittivity ET33 as given by the relation [6]:

3
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2(- 1.2 -2)1/2

• "kE (sEII'T3 3 )/2 -CE

where aE is the Poisson's ratio. k31 and d31 could be calculated using a sample in the

shape of a thin rectangular bar with the direction of polarization perpendicular to its

length. The admittance of such a sample near the fundamental harmonic for the

lengthwise vibration is given by [6]:

.. ,J,.. ~wd7

0)W d31 ) 2wd31
2  ol

wit, Y mj-..--.(T3 "2) - { --f t tan - (psE11 )112 (2)t Se (PSEII)I/2SEtlt 2

0

where parameters in Eq. (2) have the usual meaning [61. From Eqs. (1) and (2) it is

seen immidiately that the disappearance of the resonance and the associated coupling

factor k3 1 at a certain temperature is possibly due to a zero value of the piezolectric

constant d3 1 . Such a possibility could be realized by a change of the sign of d31 or by

d 31 going through zero as its extremum point. To measure the material coefficients in

the Eqs.(l) and (2) as functions of temperature, an iterative method described by Smits

% [7] was used. This iterative method enables us to measure the values of the complex

* material constants s 1,33, and d 3 1, defined as m = m' - jm" , by using the Eq. (2)

and the values of the admittance Y = G + jB at three frequencies near the resonance.

A plot of susceptance B vs. conductance G of the transverse mode resonance of a

rectangular bar at a temperature close to where kP - 0 is shown ir Fig.3 for Sm

; modified lead titanate. Experimental data are represented by full circles. Assuming all

* matertial coefficients to be complex, the theoretical fit to the experimental data, as in

-.i . ,........ ..... . . +.<, . . ,. .. +,+m- + +,,.. ,;i . i¢ , ii+ ,/ ' - -- .- ++
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curve (a) in Fig.3, was obtained by Smits' iterative method. Curve (b) in Fig.3 is

obtained by taking the imaginary part of d31 equal to zero and using real part for -3, and

complex values for sII and C3 3 obtained by the iterative method. From the figure, it is

clear that the imaginary part of the piezoelectric constant is necessary for a good fit to the

data, especially at temperatures where kP becomes very small. The analysis was
* performed to exemplify the effect of imaginary part of d 31 on the resonance spectrum.

The iterative method allows us to calculate only the product d' 31d"3 1 and the difference

.d312 - d"3 12 from which we evaluate the real and imaginary components of d31,

without getting their signs independently. However, as is seen on Fig.4, the product

d' 3 1d"3 1 changes its sign indicating that either real or imaginary part of d31 changed

sign. Analysis of our data, as explained below, suggests that it is more likely to be the

real component of d3 1. Fig.5 shows that the ratio Id"3 1/d'3 11 increases rapidly as the

temperature of zero kP is approached. This means that d'3 1 approaches zero at least as

fast as d"3 1 i.e. if 2"31 assumes a value of zero and changes its sign, then d'3 t should

be zero, too. However, according to Eq. (2), if both real and imaginary components of

d3, are equal to zero, a linear relationship in G vs. frequency is expected. Fig.6 shows

plots of conductance G vs. frequency in the temperature range of 60 'C to 80 "C where

kP goes through zero. From the figure, it is clear that the signal at the resonance

frequency never disappears completely. Moreover, the conductance vs. frequency curve

observed at 70 "C, where it was difficult to perform a fit due to scattering in data,

* implies that d"3 1*0 and d'31 -0. Therefore, it follows from the above considerations

that the real component of d31 is the one that passes through zero and changes sign,

somewhere between 65 "C and 75 "C, while the imaginary component d"31 remains

nonzero throughout the investigated temperature range.

Finally, Fig.7 shows the temperature dependance of d' 31 and d" %vith ,irns31/ 31 ns

- choosen according to analyses above. No anomalies were observed in the femnrcr:t,,re

behavior of complex E33 and s l, but their imaginary parts are necessarv to nIhtai,i a p,,

,
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fit to the resonance data.

The probable change of the sign of d3l and the simultaneous presence of the

substantial imaginary component of the complex piezoelectric coefficient together with

elastic and dielectric losses in these materials, suggest extrinsic contributions to the

apparent d31 piezoelectric coefficient. Such contributions, if different in sign, could

cancel each other giving zero d31 or change its sign with temperature. While the origins
931

of the dielectric and elastic losses in the piezoelectric ceramics are well understood, more

studies on possible mechanisms of the piezoelectric relaxation have been done only

recently. It has been shown [8 - 15] that any defects in a piezoelectric material that are

responsive both to the elastic and electric fields (such as certain point defects, 900

domains, second phase in the piezoelectric polymer materials etc.) are a source of

piezoelectric relaxation through the coupling of the elastic and dielectric losses.

Consenuently, it is possible to define the complex material coefficients m* 18]:

S "l1. AS'II-JS"iI

'e 33 - e33 + At'3 3 ""33 (3)

d -3 c31 + Ad'31 -Id"31

where m* represents the value of a coefficient at frequencies far above the relaxation

frequency and Am'-jm" is the relaxational contribution of the defects. Using the

requirement that the power dissipation in a passive material must be positive, Holland 191

has shown that imaginary parts of diagonal elements of elastic compliance and dielectric

permittivity matrices must be positive .There are no similar constraints on the sign of the

imaginary part of the piezoelectric coefficients. However, certain relationships, such as

s iil"33 2 d"31
2, must be satisfied. Therefore, an ideal (a loss free) dielectric or

elastic material will also be ideal in its piezoelectric properties. Using symmetry

arguments, Nowick and Heller [10] have derived certain selection rules showing that

0
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some but not all the piezoelectric coefficients can undergo the piezoelectric relaxation,

depending both on the symmetry of defects and the symmetry of crystal. Furthermore,

Arlt and Dederichs [11] have investigated the domain wall contribution to the d31 in

ferroelectric ceramics assuming no other coupled elastic and electric mechanisms. For

the perovskite type ceramics, they have shown this contribution to d3 l to be negative. In

some cases the piezoelectric relaxation can be described by a simple Debye type

relaxation. Examples of this type of relaxation in a piezoelectric coefficient are found in

AgNa(N0 2) due to relaxational motion of NO 2" molecules [12], in the epoxy-PZT

composite due to d.c. conductivity in the epoxy phase [ 13], in the ferroelectric ceramics

due to 90" domain wall motion [11] etc. In the multiphase materials, such as

polymers, the mechanisms of the piezoelectric relaxation are , in general, much more

complex [ 12,14].

Considering the discussion above, it is clear that the existence of the imaginary

component of the piezoelectric coefficient indicates the presence of extrinsic

contributions to the piezoelectricity in these materials, regardless of the actual

mechanisms involved. Knowing that in the perovskite ferroelectric ceramics the intrinsic

d3 1 is considered to be negative, the hypothesis of a change of sign of d31 with

temperature due to a positive contribution, is particularly attractive. A possibility of a

change of sign of piezoelectric coefficient with temperature has been demonstrated in

organic materials [15] and single crystals such as AgNa(N0 2) [12]. However, it is

unknown to us that such piezoelectric behavior has ever been observed in ceramics or

oxide single crystals. To resolve this question in the case of the materials investigated in

this study it would be sufficient to determine the sign of d3 1 directly, for example by

strain vs. electric field measurements, at two temperatures, above and below the

temperature where resonance disappears. It should be mentioned here that Xue et al.

attempted to measure a change of sign of d31 for Sm-modified lead titanate 131. No

change in sign was observed in the limited temperature range were k was small. This

0P

1v%,
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could be explained by the fact that the measurements were performed at about 10 l1z of

the applied electric field, which was far below the frequency of planar mode resonance

at approximately 100 kHz. As we have shown above, modified lead titanate ceramics

investigated in this study have significant piezoelectric imaginary component indicating

possible piezoelectric relaxation, in which case low frequency properties could be very

different from those at higher frequencies.

V:.
% We point out that although our data strongly suggests that the apparent d3 l

measured at the resonance frequency changed its sign with temperature, it is necessary

to perform additional experiments for a full interpretation of the observed phenomena

.The mechanisms which lead to piezoelectric relaxation in ceramics are in general poorly

understood. With more knowledge, it could be that alternative explanations will become

possible.

In summary, the existence of significant piezoelectric imaginary component in

modified lead titanate ceramics was shown, indicating extrinsic contributions to the

piezoelectric d31 coefficient. Disappearance of the resonance for the planar coupling

mode is attributed to a probable change in sign of the piezoelectric d3t coefficient.
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FIGURE CAPTIONS:

Fig. 1. Planar and thickness coupling factors for Sm-modified lead titanate as a

function of temperature.

Fig. 2. Planar and thickness coupling factors for Ca-modified lead titanate as a

function of temperature.

Fig. 3. Susceptance,B, vs. conductance , G, loop for Sm-modified lead titanate at 90

*C. Dots represent experimental points. Curve (a): theoretical fit using Smits'

method. Curve (b):theoretical fit assuming d"3 1=O.

Fig. 4. d'3 1d"3 1 product obtained by the iterative method showing that either d'3 1 or

d"3 1, but not both, changes sign at the temperature of minimum k for

Sm-modified lead titanate.

. Fig. 5. d"31/d' 31 ratio for Sm-modified lead titanate as a function of temperature

Fig. 6. Plots of conductance G vs. frequency near the temperature where kP goes

through minimum for Sm-modified lead titanate. Dots are experimental points

and solid line is a fit to data. Scattering in the data is due to the resolution of the

Impedance Analyzer.

Fig.7. Real and imaginary components of the piezoelectric d31 coefficient a- a

function of temperature for Sm-modified lead titanate.
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ELECTRCME-CRCAMX ANISOTROPY IN MODIFIED LEAD TITANATE CERAMICS

D.Damlanovic. T.R.Gururaja. S.J.Jang and L.E.Cross

Mate*njas Research Laboralory
The Pennsylvania State University

University Park. PA 16802

respectively. The ceramics were prepared by the conventional
ABSTRACT way from mixed oxide process. The samarium modified

composition was calcined at 850 - 900 "C for 6 hours and then
Lead titanate ceramics modified by Sm and Ca were pressed disks were fired at 1230 "C for 3 hours. The calcium

investigated as materials with exceptionally large modified ceramics were calcined at 900 'C for 2 hours and
electromechanical coupling anisotropy. Both ceramic materials sintered at 1130 'C for approximately 7 hours. The density ot
exhibited a minimum of the planar coupling coefficient at certain the fired ceramics was around 95 % of the theoretical.
temperatures whereas the thickness coupling coefficient was Electroded ceramics were poled with an electric field up to 60
essentially a constant over the investigated temperature range. kV/cm at 150 *C in silicon oil for 5 minutes. These poling
The dielectric, piezoelectric and elastic constants related to the conditions were necessary to obtain a saturation of the thickness
planar coupling mode were all considered to be complex in order to coupling coefficient kT to 45 - 50 %. the piezoelectric coefficient
correctly describe the behavior of the ceramics near the d33 to about 60 gCA' and the planar coupling coefficient kp of
resonance. The minimum of the planar coupling coefficient is less than 1 %. Thus, the ratio kT/kP was close to 50 at room
attributed to a probable change in sign of the d3 1 piezoelectric temperature (Fig. 1). These poled ceramics in the form of thin
coefficient with temperature. disks or long thin bars were then used for measurements of the

dielectric, elastic and piezoelectric properties of the materials.
kp was calculated from the measured frequencies of the series

1. INTRODUCTION and parallel resonance frequency of a thin disk using the equation
derived by Mason [41. kT was calculated from the ratio of the

-,- The conventional piezoelectric ceramics, such as PZT with overtone frequency f2 to the fundamental frequency f of the

Z, large electromechanical coupling coefficients are desired in many thickness mode series resonance, f2A/, using Table II in bnoe et
.., piezoelectric applications. In some cases, however, materials al.'s paper 15]. The complex dielectric permittivity c33' the

with more directional piezoelectric properties are preferred. In elastic compliance sl and the piezoelectric coefficient d, at the
materials for ultrasonic transducer arrays, for example, it is resonant frequency of the length extensional mode for a bar were
essential lo supress the coupling of the thickness to lateral modes, calculated using Smits' method (61. Vector impedance
i.e. a small 3 an a large d33 are desired. Similarly, when a large measurments for f above calculations were performed on an HF

• hydrostatic piezoelectric coefficient, dh- d33 + 2d t. is required, 4192A LF Impedance Analyzer interfaced with a computer.
it is again necessary to have a large piezoelectric anisotropy
(large d3 3/d ) since the coefficients d3 and d 1 are opposite in
sign (d33

• d3 l . 0). Recently, lea tlitanate based ceramics
have been reported with unusually large ratio of the thickness, 0_025
kT. to the planar .kp. coupling coefficients, and consequently a 05020
large ratio d, 3/d 3t[1,2J. The measurements of the KT
electromechanical properties of samarium modified lead titanate
Showed this ratio to be temperature dependent with kp becoming
zero at certain temperatures 131. As a possible reason for the
high anisotropy in piezoelectric coefficients, the crystal lattice K
anisotropy il], and the 90" domain rotation [2] were suggested. K7 0. KI
No extensive studies on this subject, however, have been yet
reported. It was the objective of this work to investigate the
electromechanical properties of Ca and Sm modified PbTiO3

S ceramics and possibly understand the mechanisms responsible for
the anisotropic behavior. It is hoped that a better understanding of
the electromechanical anisotropy in the modified lead titanates
would provide us with methods of developing other materials with 0 10 20 30 40 50 60 0O
similar properties. Poling field (Wi/cm)

2. MATERIAL PREPARATION AND MEASUREMENTS

Two compositions of the modified lead titanate ceramic were Fig. 1. Thickness, k and planar.kp, coupling coefficients as
selected for thiS study, namely (Pbn ,;Smn t)(Tio.9 Mnn.,)0 3  functions of poling fielJ for Sm modified lead titanate.
and (Pb0 ,6 Ca0 2d)l(CoW~WR)0 ,04 0 %O3'oth compositions
have a tetragonal symmetry with the lattice parameters a -
3.902 A, c - 4.072 A and a = 3.896 A. c = 4.041 A.

Proc. 1SA" 'b), Bethlehem, PA. 1986. pp. 344-347
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3. RESULTS AND DISCUSSIONL_-. '. ~0.52 T '' , ' ' , ,0.053

The electromechanical coupling coefficients of the samarium
and calcium modified lead titanates as a function of poling field 0.50- Kt v L 04
exhibit an unusual behavior. The planar coupling factor increases , •
initially and then decreases to a very small value with poling field 0.48-
above 50 kV/cm. However, the thickness coupling coefficient 0.03
increases to approximately 50 % (Fig.1). As a possible
explanation for the anisotropy, Yamashita et a. (2.71 suggested

.A such behavior in calcium modified lead ttanate to be caused by the 0.02 K O

r/ reorentation of 90" domains. Indeed, they showed that a 0.44* K
substantial increase in dimensions (up to 0.3 %) of ceramic "*01
samples occured as they were poled indicating 90. domain 0.42
switching. The large stress that accompanies 90" domain

9A switching was considered as a possible reason for the large 0.4C -0 1-1 J I0 1 000
op. anisotropy in coupling factors and the small value of the 80 -40 0 40 s0
' mechanical factor Om at poling fields at which kp became Tempereture C)

vanishingly small. They also observed that specimens with lower
resis showed a smaller planar coupling coefficient. Xue et a.coeffents as functions of

:"v',u_. , showed, however. the kp to be a strong function of temperature
for samarium modified lead titanate [31. becoming zero only at temperature for Ca modified lead titanate.

certain temperatures

Fig. (2) and (3) show the thickness and planar coupling 0.50o 0.05
% ,coefficients for materials investigated in this study as a function

of temperature. Both materials exhibited a minimum in their
planar coupling coefficient, reaching -4 % at the ends of the , • , 004
investigated temperature range while their thickness coupling KI
coefficients remained approximately constant over the

0 investigated temperatures. Describing ft conversion of electric - 003

' into elastic energy, and vice versa, the electromechanical Kt 0.4 KP
coupling coefficients are always defined as positive values. K0.02
Piezoelectric coefficients in general , however, may be either

positive or negative. From the definition of the planar coupling 0.35 0.01
coefficient [81:

E; -T) 1/ .•E

S(1 t33 )1/2 a . Temperature (*C)

(where a is Poisson's ratio ) it is. therefore, seen immediately Fig. 3. Planar end thickness coupling coefficients as functions of
that resonance can disappear if d.31 becomes zero . either by temperature for Sm modified lead fitanate.
chaing n its sign or by going through zero as an extremum point
For the measurement of material coefficients in Eq.(1) we have
used the method described by Smits(6]. This method allows us to
calculate the complex material coefficients st Id 3z' ' 3 (i.e. the temperature where kp became small but ifs imaginary component
real pans and their losses) at the resonant frequency of the remained nonzero (ig. 5.). No anomalies were apparent in the
length extensional coupling mode of a %ar. The e n of behavior of the complex elastic and dielectric coefficients.
measuring the admittance Y - G + jB at three frequencies near the However, their imaginary components are necessary for a good fit
resonance and calculating, in an iterative way, the material to the data. The mechanical quality Om was calculated as the ratio

- coefficients defined as m - m' -jm*, using the Equation (2) [81: 1 1 I"m/ 2A f ) [61 of the real and imaginary parts of
-'" erastic compliance. Figure 6 shows that the mechanical quality of
* the samarium modified lead titanate ceramics remained high over

al2 2wd2  a 12 the investigated temperatures suggesting that a small kp is not
V " fr.-'(T - ) + tan -(S E) necessarily accompanied by adereasein the mechanicalquality.

N.,., t s1 (ps 11
1 )1 2S12 (t The presence of a significant imaginary component of the

* .(2) piezoelectric coefficient In these modified lead titanates suggests

which describes the resonant behavior of a bar (The notations have possible piezoelectric relaxation mechanisms which could lead to
their usual meanings). These experiments demonstrated that several contributions to the apparent d3 ,. Such contributions, if

imaginary components of all three material coefficients are different in sign could cancel each other giving zero d or change

% necessary for a good fit to the resonance data, especially at its sign with temperature 19,101. Our experience shows that the
temperatures where planar coupling mode becomes small (Fig. 4.). temperature where kp goes through a minimum depends strongly on
Furthermore, our data show that even when the resonant signal of the poling conditions, the sintering schedule and other processing

admittance Y seems to disappear completely, a weak signal in the parameters. Not all of the samples showed the disappearance of the

conductance G was still observed [9]. Our analysis [91 led to the planar coupling mode at investigated temperatures (generally, -180
conclusion that the real part of d3, changed its sign near the " to +150 'C). All samples, however, showed a large

% , Vp.,."
%rA r* & P
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1i0-5 C
6.30 0

6.25 Qm 600
A

V' c: 6.20*

!p. C0  30 60 90 120 50
Temperature (OC)

4.50 5.55 &60 7.65 x10-'
G (I/Ohmn)

Fig. 6. Mechanical quality Om as a function of temperature for
Sm modified lead titanate.

Fig. 4. Susceptance. B, vs. conductance, G. loop for Sm modified
lead titanate, at 90 'C; dots represent experimental points.
a) Theoretical fit assuming a nonzero d31" (Smirs method), experiment shows that (although development of cracks with
b) Theoretical fit assuming d3 1",0. increased poling field is expected) the cracking of sample by

applying poling field is not essential for the observed temperature
behavior.

2 '2-5'*' *' i ' 4. CONCLUSIONS

Similarities In the electromechanical coupling behavior tbetween
0 * Ca and Sm modified lead titanate ceramics were demonstrated.The

""Z temperature behavior of the planar coupling mode is strongly
-. . * u dependent on poling and processing conditions. A zero planar coupling

-- mode at certain temperatures is probably due to a change in the sign
- of the piezoelectric coefficient. A large electromechanical
V anisotropy was present in all the samples of the compositions used

* mmm in this study, regardless of processing conditions. This indicates
a that more than one mechanism is responsible for the

* electromechanical coupling properties of these materials.
#- -- , , l ,I. I.,. | I .0 L

0 30 60 9O 120 ISO
,p- Temperature IC

Fig.5. Real, d3', and imaginary, d3". piezoelectric
coefficients as functions of temperature for Sm modified lead
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using these modified lead titanate ceramics for ultrasonic di-
agnostic imaging and NDE applications have much better res-
olution than their PZT counterparts. .

o

Lead titanate ceramics modified with samarium and cal- It is the objective of the present work to investigate in detail

cium exhibit large anisotropy in electromechanical cou- the electromechanical properties of Ca- and Sm-modified PbTiO,
pling factors. The planar coupling factor in these mate- ceramics and possibly understand the mechanisms responsible

rials shows a strong temperature dependence passing for the anisotropic behavior. Xue et al.' have examined the
a m a t r w atemperature behavior of the coupling factors for Sm-modified

through a minimum near room temperature, whereas the PbTiO,. They have found that, with proper processing, practi-
thickness coupling factor remains practically constant. To cally zero k, can be achieved near room temperature; k,, how-

explain this behavior, the material coefficients d,,, sf, ever, remains approximately constant at 0.45 with temperature.
and el' characteristic for the planar coupling mode were As a possible reason for the large anisotropy in coupling factors,

investigated as a function of temperature (- 180 to 100 c) the crystal lattice anisotropy,' and the 90* domain rotation' were
for samples poled at different electric fields (10 to 90 kV/ suggested. No extensive study on this subject, however, has yet

been reported. It is hoped that a better understanding of the
cm). All material coefficients must be considered as com- electromechanical anisotropy in the modified lead titanates would
plex quantities to describe the piezoelectric resonance in provide us with methods of developing other materials with

these ceramics. A minimum in the planar coupling factor similar properties.

is explained by a change of sign of the piezoelectric coef-
ficient, d3l. The temperature at which the planar coupling Material Preparation
factor passes through a minimum depends on the proc- Two compositions of the modified lead titanate ceramic were

essing conditions and poling field. Possible mechanisms selected for this study, namely (Pbe.Sm ,a)(TitiMn 02 )O and
to account for the observed behavior are discussed. (Pbo,,Cao2 ,)[(Co,/W,/2 )0oTi, 7 ]O. Both compositions have a

tetragonal symmetry with the lattice parameters a-0.3902,
c-0.4072 nm and a-0.3896, c-0.4041 nm, respectively. The
ceramics were prepared by the conventional mixed-oxide proc-
ess starting from analytical reagent (AR) grade oxides. The
samarium-modified composition was calcined at 850" to 900"C

Conventional piezoelectric ceramics. such as lead zirconate for 6 h and then pressed disks were fired at 1230°C for 3 h.
titanate (PZT), with large electromechanical coupling coeffi- The calcium-modified ceramics were calcined at 900°C for 2 h
cients are desired in many piezoelectric applications. In some and sintered at I130"C for x7 h. The density of the fired
cases, however, materials with more directional piezoelectric ceramics was w95% of the theoretical. The sintered ceramics
properties are preferred. In materials for ultrasonic transducer were shaped either in the form of thin disks (1.6 cm in diameter

* arrays, for example, it is essential to suppress the coupling of and <1 mm thick) or long thin bars (14 by 1.4 by 0.2 mm')
-_ the thickness to lateral modes, i.e. a small dj, and a large d,, and gold electrodes were sputtered on the major faces. Samples

are desired. Similarly, when a large hydrostatic piezoelectric were poled with an electric field up to 90 kV/cm at 150"C in
coefficient, dh-d,3 +2d,, is required, it is again necessary to silicon oil for 5 min.
have a large piezoelectric anisotropy (large d3,/d,,), since the
coefficients d,) and d, are opposite in sign (d,>O, d2 , <0). Mmsremats

Recently, lead titanate (PbTiOs) ceramics modified by al-
kaline and rare earths have been reported to exhibit unusually All the measurements were performed on the poled samples
large anisotropy in piezoelectric properties.'. A zero planar cou- after 24 h of aging. The capacitance and dissipat;nn factor was
pling factor, k,, has been observed in calcium and samarium- measured using an LCR bridge* for estimating the dielectric

* modified lead titanate ceramics.' At the same time, the thick- permittivity. The piezoelectric dl, coefficient was measured with
ness coupling factor, k, is comparable to that of PZT ceramics, a d,, meter.' The k, value was calculated from the measured
High frequency (7.5 MHz) linear array transducers fabricated frequencies of series V) and the parallel (f.) resonance of a thin

disk using the equation derived by Mason.' The k, value was
calculated from the ratio of the overtone frequency, f2, to the

' Member. the American Ceramic Society fundamental frequency f., of the thickness mode series reso-
"4274A. Hewlett-Packard Co., Palo Alto. CA. nance, f,/fi, using Table 1I in the work of Onoe et al.' The
'CPDT 3300 Berlincourt d,, meter. Channel Products. Inc.. Chagnn Falls, OH complex dielectric permittivity ef,, the elastic compliance sf,

Received January 16. 1987. approved February 5. 1987 and the piezoelectric coefficient d), were calculated using the
Supported b) the North American Philips Labs. method developed by Smits.' In this method, admittance,
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Fig. 1. Thiclineas (kj And plana (A,) ou- Fig. 2. Thickness and planar coupling fec- Tem~peture led

pwmg factors a a hinction of poling fid for tors as a functio of temperature for Ca- Fig. 3. Planer cop~gfactor as a function
Smr-modified PbT1O, osriws. modified PtiTiO, ceramics poled at 60 kV/ at temperature b Sm-xmodfie tiIO 0e-

cm.unics poled at 60 Warnm.

Y- G-+iB, is measured at three frequencies near the resonant fields whereas k, first increases and then decreasecs, resulting in
frequency of the leagth extensional mode of a bar, with electric a k,/k, ratio of *zSO at a poling field of 70 kV/cm. A similar
field perpendicular to its length. Material coefficients 4f, d,,. behavior was observed in Ca-modified PbTiO, ceramics.
and 41,. defined as m-m'-im", are then calculated in an it- Figures 2 and 3 show k, and k, as a function of temperature
erative way using Eq. (1): for Ca- and Sm-modified PbTiO3. respectively. In both mate-

rjl~ 2wd, rials, k, goes through zero near room temperature. It then in-
Y-i -( ;-tan-!(sX) 2  I creases gradually below and above this temperature, reaching

si; (psfY)"24, 2 a maximum value of wO.04 at the end of the investigated tern-
whic decries he esoantbehvio ofa br. n E. (),, ~, perature range. The value k,. however, remained approximately

* and w arc the length, thickness. and width of the bar, respec- costn covl e poexli the inetiaedtm erued raearnco
tively. and p its density. The w is the angular frequency. Vector Wecudatmtoeplithobrvdispaaneo

.0%impedance measurements for these calculations were performed the resonance for the planar coupling mode by considering the
lr using an LF impedance analyzers interfaced with a computer. temperature dependence of relevant material constants. The k,

is related to the transverse coupling factor kj,, which in turn is
Resuts ~related to material constants d),. sf~, and e4; as given by the Eq.Resiits uW basscle(2):

The relative dielectric permittivities of both Sm- and Ca-1(2 12. di 2
modified PbTiO3 ceramics were in the range 180 to 190 and kp4 I_ (2)
the dielectric loss tangent was always <1% at room temperas-" - (01~ 'i)"' 1-41,
ture. The electromechanical coupling factors of the Sm-modi- where 0~ is the Poisson's ratio. The electromechanical coupling
fled PbTiO2 at room temperature as a function of poling field factors, describing the conversion of electric energy into elastic
are shown in Fig. 1. It is seen that k, saturates at high poling energy or vice versa, are always defined as positive values. Pie-

zoelectric d constants, however, may be either positive or neg-
ative. It is, therefore, seen that the disappearance of k, at a

14192. HeulettPackard Co.. Palo Alto. CA. certain temperature is possible if d, becomes zero, either by
d's9 4194A, Hewlett-Packard Co.. Palo Alto. CA changing its sign or by going through zero at its extremum point.

Real and imaginary parts of the material coefficients dl,, SE4,

and 4j3 in Eq. (2) were measured as a function of temperature
* using the Smits' iterative method to describe the temperature

., ' '2

.1'1

-20 -10-0 5 0 50 10

-ig 4. 01cpaoe .vruscnut

Mg.~Tmert 4.( ,TeCatt ld

at 60C. Dots represent experimental points. iterative method showing that either d;, or U5OSli

Curve (a) is thel theoretical fit using Smits' dj'. but not both, changes Sign at the tem- Fig. 6. The cr,4 ratio for Sm-moife lead
method and cuve (b) Is the theoretical fit perature of minimum k, for Sm-modifie lead titanate poled at 90 ktV/cm as a function of
assuming 4- -0. sample poled at 90 ky/cm. titanate. poled at 90 ky/cm. temperature.
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Fig. B. Real pant of the piezolctric coal-
"31 ficient, 4. at diffW nt poling fields a a funo-

tion of tmperIatura for Sm-modified PbTIO,
Fg. 7. Plots of con.
ductance G vs frequen.

_ cy r ft teimperaturewhere k. goes tta*
were fo S" never disappears completely. Moreover, the conductance versus

-TiN-hJITI tor SmlodS frequency curve observed at 30"C implies that d, * 0 and

at 90 A, as 0. Therefore, it follows from these considerations that the
real component of d, is the one that passes through zero and

0 changes sign, somewhere between 28" and 32*C, whereas the
imaginary component d3 remains nonzero throughout the in-

dependence of kr The data and the discussion presented below vestigated temperature range.
show that, for an accurate description of the electromechanical The real part of d, for Sm-modified lead titanate poled at
behavior of modified PbTiO, ceramics, all material constants electric fields varying from 10 to 90 kV/cm is plotted as a
relevant for the planar coupling mode must be treated as com- function of temperature in Fig. S. As discussed, 4, passes through
plex. zero by changing its sign. The temperature corresponding to

A plot of susceptance B versus conductance G of the trans- the zer value of d, depends on the poling field, increasing from
verse mode resonance of a rectangular bar at a temperature -30* to + 30"C as the poling field is increased from 30 to 90
close to where k,sa0 is shown in Fig. 4 for Sm-modified lead kV/cm. For samples poled at 10 kV/cm, d3, remains positive
titanate poled at 90 kV/cm. Experimental data are represented throughout the temperature range investigated. For Ca-modified
in full circles. Assuming all material coefficients to be complex, PbTiO, ceramics, measurements were performed only on sam-
the theoretical fit to the experimental data, as in curve (a) in pies poled at 60 kV/cm. A temperature dependence of d, (Fig.
Fig. 4. was obtained by the Smits' iterative method. Curve (b) 9) similar to that exhibited by the Sm-modified PbTiO, was
in Fig. 4 is obtained by taking the imaginary part of d3, equal observed. It is expected that the dependence of d3, on the poling
to zero and using the real part for d,, and complex values for field will also be similar to that observed for Sm-modified PbTiO3.
s, and cr obtained by the iterative method. From Fig. 4 it is Examples of the temperature dependence of imaginary com-
clear that the imaginary part of the piezoelectric constant is ponents of d3,, stf, and c[3 are given in Figs. 10, II, and 12,
necessary for a good fit to the data, especially at temperatures respectively, for Sm-modified PbTiO, poled at 30 kV/cm. All
where k, becomes very small. The analysis was performed to
exemplify the effect of the imaginary part of d, on the reso-
nance spectrum. The iterative method allows us to calculate
only the product dd and the difference (dj)'-(d3), from "
which we evaluate the real and imaginary components of dj,,
without obtaining their signs independently. However, as is seen
in Fig. 5, the product dId changes its sip, indicating that
either real or imaginary part of d, changed sign. Analysis of
our data. as explained below, suggests that it is more likely to
be the real component of d3,. Figure 6 shows that the ratio -

* . id/dI increases rapidly as the temperature of zero k, is ap-
, ., proached. This result means that d, approaches zero at least

as fast as d', i.e. if d, asumes a value of zero and changes
its sign, then d,, should be zero, too. However, according to Eq.
(I), if both real and imaginary components of d,, are equal to
zero. a linear relation in G versus frequency is expected. Figure -SO - -so 0 so l00

Tainowotwme M*)
-' 7 shows the plots of conductance G versus frequency in the

[ temperature range from 25" to 35"C. where k, goes through Fig. 10. Imaginary part of the piezoelectrc
zero for samples poled at 90 kV/cm. The conductance plots coeffwet, d;, as a function of temperature
were obtained using an impedance/gain-phase analyzer.' From for Sm-modified PoTO32 ceramics poled at
Fig. 7, it is clear that the signal at the resonance frequency 30 kV/cm.
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plig.ce '. Iasiar arti of tempelatice form @ permittivity. evea.. as a fuincton of Fig. 13. Real part of te piezoelectic COet-
pl~iane, %. s Ii~tOIO p~ temperature for Sm-modified PbT1O, ce- focient. it,. as a function of poling field at
S f"c s a poled at 30 k/cm. 2O0C for Sm-modified PbiO, ceramics.
ky/cm.

three imaginary coefficients show a similar temperature behav- parent dj' of zero. When the extrinsic contributions are larger
ior. exhibiting a minimum in the temperature range of -500 than the intrinsic value of d a change in the sign of d, is
to, -IO C0. observed. Such a possibility has been demonstrated in piezo

From this, we conclude that the zero value of k, in modified electric polymers" and single crystals."
lead titanate ceramics is caused by the change of sign of d3, Only a few studies on piezoelectric relaxation have been done
with temperature. Furthermore, from the plot of d versus pol- so far in ceramic materials.6" Arlt et al." have shown that one
ing field at 2C, as in Fig. 13, it is seen that the real par t of such relaxational contribution to the piezoelectric coefficients

*d,, first increases, then decreases with poling field, passes through in PZT ceramics is caused by 90* domain wall motion. The
'zero at *,80kV/cm and becomes negative near 90 kV/cm. temperature dependence of the imaginary components of the

Thus, dependence of k, on poling field at room temperature, as material coefficients .as shown in Figs. 10. 11. and 12, suggests
shown in Fig. 1, is a result of the shift in the zero crossover that there are at least two different relaxational mechanisms
point of d1, with poling field. It is interesting to note that such operating in the modified lead titanate ceramics examined in

.%%a distinct anamialous behavior in k, versus poling field cannot this study, one mechanism dominant at lower temperatures and
be observed at temperatures far from room temperature (Fig. the other at higher temperatures. The high-temperature mech-
8). anism is apparently responsible for the sign change of d,. since

The existence of appreciable imaginary components of the d,, changes its sign as the contribution of this high-temperature
material coefficients and their similar temperature behavior (Figs. mechanism becomes larger.
10, 1, and 12) suggests the presence of common extrinsic con- Following this approach it is possible to qualitatively explain
tributions to the dielectric permittivity, elastic compliance, and the dependence of the piezoelectric coefficient d1sn on the poling
piezoelectric coefficient. In such a case, it is possible to express field in modified lead titanate ceramics. When the poling field

ihmaterial coefficients in the following form: is low, the average intrinsic d for the ceramics is small com-
fea 2 a nspared to extrinsic contributionsAd;, and the apparent o, changes+ tits sign at lower temperatures. As the poling field is increased.

d. z d,r.8-0+ad,, - nid' e. de becomes large compared to the extrinsic part, Sd . and the
apparent d, changes sign at higher temperatures. At 10 kV/

where m rep resent the ft in t (3) cm, the average d' for the ceramict is small compared to the
..P where o n representsith e o ve of a eine et t nfrequencies extrinsic contributions over the whole temperature range in-

".. - far above the relaxation frequencies and Am'-im" is due to vestigated and the apparent d, remains the same in sign.
)the relaxational extrinsic contributions." The choice of sign for dth and d, is represented in Figs. 8.
In the case of ceramic materials, the m m terms in Eq. (3) are 9, and 10, is justified in the following way. Intrinsic d for

average values of the coefficients, dependent on the level of ceramics is assumed to be negative; d1, could become zero and
polarization and the corresponding single-crystal values. Like then positive only if the extrinsic contributions represented by
BaTiO,, lead titanate is a perovskite-type ferroelectric belonging .14, are positive. Moreover, near absolute zero, the extrinsic

04%to the tetragonal 4mr point group. However, unlike BaTiO, contributions to the material coefficients should be frozen-in,
lead titanate does not undergo low temperature phase transi- and only the intrinsic contribution to d,1 will be present. Since

* tions. This behavior is possibly the reason the dielectric per- there is no experimental evidence that, below - I 0C. d,, for
mittivity in lead titanate exhibits a low anisotropy as opposed the modified lead titanate ceramics investigated in this work
to the high anisotropy in dielectric permitivity of BaTiO,." changes sign once again, the only choice for the signs of d, and
Turik et al." have shown by averaging the single-crystal prop- d are that shown in Figs. 8, 9. and 10. However, it is necessary
ertis that, in modified lead titanate ceramics, lack of anisotropy to determine the sign of d, directly, for example by strain versus
in dielectric permittivity results in a large anisotropy of the field measurements over a wide range of temperature to confirm
intrinsic piezoelectric coefficients, with a small value of d, and the proposed choice.
ha relatively large do. Thus, in modified lead tianades, we have observed that the

It was demonstrated in this report that in modified lead ti- temperature behavior of the planar coupling coefficient is de-
tanate ceramics there are extrinsic contributions to the material pendent on poling conditions and processing parameters, such

Scoefficients. It is then possible that at certain temperatures such as the sintering schedule. Some of the samples tested did not
contibutions to d,r if different in sign rom the intrinsic dr- of show the disappearance of the planar coupling factor within the
the ceramic, cancel with the small value of d. giving an ap- temperature range investigated (generally, - ISO" to + 50*C).
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wa All samples, however, showed a large electromechanical ant-
isotropy with a k/lk, ratio of at least 15 at room temperature.
This behavior supports the assumption that there are at least
two mechanisms responsible for the observed behavior in mod-

% ~ified PbTiO, ceramics. The first mechanism is related to the
anisotropy in piezoelectric coefficients, accounted for by the
intrinsic properties of the ceramics such as large tetragonality'
and low anisotropy in the dielectric permittivity.'3 It has beenal
shown that averaging of single-crystal values in PbTiO, leads
to a large anisotropy in piezoelectric properties." The second
mechanism, responsible for the temperature dependence of k,
may arise from the extrinsic contributions to d,,. the origin of

01 which is not presently clear. These extrinsic contributions are
.0. ~~common for the three material coefficients, as shown by a similar rW Dm a TuvksR.G ual
.mtemperature behavior of their imaginary components. Possible ~Dfi~~~CTrwtr .Grrj

% extnnsic contributions include: domain wall motion, electronic
and ionic defects, and microstructure-related effects.'0 Clearly, Drag. Daujam.vic is a graduate student in ceramic science at Penn-

* moe epermens ae rquied bfor thse xtrnsi meha- sylvania State University, University Park. PA. He is currently working
niem coneieniid his Ph.D. thesis on piezoelectric properties of modified lead titanate

4 clduso. ceramics. He earmed a B.Sc. degree in Physics from the University of
Serajeva, Yugoslavia, in 1980.
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.5/factor is caused by a change in sign of the piezoelectric d,, received his B.Sc. and M.Sc. in physics from the University of Mysore,

coefficient with temperature. Significant imaginary components India, in 1974 and 1976, respectively. He earned his M.Tecb. in ma-
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lectric coefficient indicate the presence of extrinsic contribu- in 1978 and Ph.D. in solid-state science from Pennsylvania State Urn-
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Low-temperature dielectric properties of SrTIO glass-ceramics
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(Received 6 December 1985; accepted for publication 16 May 1986)

The low-temperature dielectric properties of strontium titanate aluminosilicate glass-ceramics,
in which perovskite SrTiO3 is the primary crystalline phase, have been investigated. These
glass-ceramics exhibited dielectric constant peaks at temperatures below 100 K; the magnitude
of these peaks, along with their frequency and temperature dependencies, were strongly
dependent on the crystallization conditions. In heavily crystallized glass-ceramics, two low-
temperature, relaxation-type loss mechanisms were identified, at temperature ranges near 50
and 100 K. The magnitude of the dielectric loss peak increased with increasing frequency for
the lower temperature (50 K) mechanism and the magnitude of the loss peak decreased with
increasing frequency for the higher temperature ( 100 K) mechanism. Arrhenius activation
energies were calculated to be 0.054 and 0.17 eV for the lower and higher temperature loss
mechanisms, respectively. The higher temperature loss mechanism was further analyzed by the
Cole-Cole method, and a relaxation strength of 41 was calculated. It was proposed that the
dielectric constant and loss peaks were related to ferroic phenomena occurring in the SrTiO3
phase, caused by interactions of the SrTiO3 with the glass-ceramic matrix.

I. INTRODUCTION obtained on these glass-ceramics. Special attention was giv-

Glass-ceramics with ferroelectric perovskite phases, en to the low-temperature dielectric loss behavior and to
such as BaT1O 3 ,'. PbTiO 3 , 3 and NaNbO3,s have been in- gaining a better understanding of possible mechanisms re-

vestigated for several dielectric and electro-optic applica- sponsible for the dielectric constant peaks.

tions. These materials have interesting dielectric properties,
resulting from the combination of the high-permittivity fer-
roelectric crystallites and the low-permittivity glassy matrix. II. GLASS-CERAMIC PREPARATION AND
The dielectric properties of glass-ceramics based on perovs- CHARACTERIZATION
kite SrTiO 3 have also proven to be quite interesting, especial- Glass-ceramics were derived from a glass with a no-
ly at low temperatures, due to the low-temperature ferroic minal composition consisting of 65 wt. % SrTiO 3, 23 wt. %

% behavior of SrTiO.' SiO, and 12 wt. % A120 3 . The glass was prepared by melt-
Strontium titanate glass-ceramics have been utilized for ing in platinum crucibles in air at 1650 'C for 2 h, and anneal-

several years as cryogenic capacitive temperature sensors.7  ing at 760 *C. Chemical analysis of the glass confirmed that
Their usefulness is based on a peak in the dielectric constant the actual glass composition was close to that which was
at a temperature near 77 K. However, the nature of this batched, and no significant amounts of any impurities were
dielectric constant peak has not been clearly defined. Law.. detected. Samples for crystallization studies and subsequent

% less' attributed the dielectric constant peaks to an antiferroe- dielectric measurements were disks, 9 mm diam and 1 mm
. lectric transition in the SrTiO3 phase, while Siegwarth' sug- thick. The glass disks were heat treated at 700 "C for 100 h

gested that the peaks were caused by the relaxation of prior to crystallization to reoxidize any residual Ti3  which
electret (defect-dipole) states in the SrTiO'3. The above re- formed during melting. Crystallization conditions employed
searchers only studied a single glass-ceramic sample (the were isothermal; the glass disks were immersed into a fur-
capacitance thermometer), and definitive dielectric loss nace at temperatures between 800 and 1100 "C and removed
data were not presented in support of their proposed mecha- after times ranging from 15 mi to 64 h.
nisms. The exact details of the crystalline phase makeup and

The crystallization and dielectric properties of stron- microstructure of these glass-ceramics given the various cry-
tium titanate aluminosilicate glass-ceramics, similar to those stallization treatments were reported in Refs. 9 and 10.
used in the above studies, have recently been investigated.' Briefly, perovskite SrTiO3 was the primary crystalline phase
The crystallization and microstructure of this glass-ceramic of the glass-ceramics, appearing as wel-dispersed crystal-
system have been reported,' 0 along with dielectric properties lites. The SrTiO 3 crystallite size was less than 100 nm in
of glass-ceramics, given a wide range of crystallization con- glass-ceramics crystallized at 1000 "C and below, and slight-
ditions, over the temperature range - 170 to 200 'C and ly less than I m in glass-ceramics crystallized at 1100 *C.frequency range 10 kHz-l MHz. " The purpose of this paper Secondary crystalline phases included hexacelsian
is to report some interesting low-temperature dielectric data SrAl 2Si 2O,, which occurred in glass-ceramics crystallized at

temperatures of 900 "C and above. At I 100 "C, hexacelsian
Pran address Baitelle Columbus Laboratories. 505 Kin$ Avenue. Co- SrAl2Si 20, appeared in samples crystallized for the shorter
lumbus. Ohio 43201. times, and transformed to the anorthite polymorph with cry.
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stallization time; this transformation was complete after 8 h. 25000,

0 Also at 1100 C, anatase TiO2 appeared, along with a trace of 100 KHz
rutle. With crystallization times of greater than 4 h, the z 20000

titania phase had developed into large acicular crystals of up -

.1 to 80#m in length. As will be shown later, the presence of the 15000 SrrTO SINGLE CRYSTAL., two matrix phases (hexacelsian and anorthite SrAl2Si2 O8 ), 5
and the large acicular anatase crystals, were very important 10000

to the dielectric properties. 10000

III. DIELECTRIC PROPERTIES 500

A. Proceduresr

Three-terminal dielectric measurements were carried Co 50 100 i50
out over the temperature range 10-150 K with a Cryosys- 13.6 111

'4 tems model CT-3 10 Cryotran system which included a Lake 1 K,

Shore Cryotronics Model DRC-80C temperature con-

troller. Temperature measurements were made with a sili-

. con diode and were accurate to within one Kelvin. Measure- 0 134

ments were made over the frequency range of 10 kHz-t
MHz with a Hewlett-Packard model HP-4275A LCR me-

ter. Very precise dielectric measurements were made over UNCRYSTALLIZED

the frequency range ofO.1-10 kHz with a general RadioGR- U 13.2- SAR-2-P GLASS

1621 measurement system, consisting of a model 1316 oscil- _j

lator, a model 1238 detector, and a model 1616 lever-arm

- capacitance bridge.
" ~~13.O0 ''

B. Dielectric constant versus temperature 0 TEMR 90U 0 150

Data are presented in Fig. 1, comparing the 100-kHz

-' " dielectric constant versus temperature of uncrystallized
i r s e e u u aFIG. I. 100 kHz dielectric constant vs temperature of single-crystal SrTiO,

glass and single-crystal SrTiO3. These data indicated that and uncrystaz glass.
the temperature coefficient of uncrystalized glass was posi -
tive to the lowest temperatures. Conversely, the dielectric

constant of SrTiO, increased dramatically as the tempera-
ture was decreased, reaching a value of > 20 000 at 10 K.

From these data, peaks in the dielectric constant versus tem-
N" "., perature would not be expected in a glass-ceramic withe 33.0 . .

large amount of SrTiO3 , if the dielectric properties of the

SrTiO, in the glass-ceramic were similar to single-crystal 1-

%data. 3.
Dielectric constant versus temperature curves for glass-

ceramics crystallized at 800 "C for 64 h and at 900 "C for I h9 - I

are compared in Fig. 2. Peaks in the dielectric constant oc-
curred at about 80 K in these samples. Dielectric constant .

peaks at 80 K were also observed in glass-ceramics crystal-
lized at 1000 "C, as shown by plots of dielectric constant *',." 31,.5 23.0

versus temperature at frequencies of 10, 100, and 1000 kHz L

for glass-ceramics crystallized at 1000'C for I and 16 h, a-

presented in Fig. 3. The magnitude of the dielectric constant Z

• peaks increased from about 70 to 85 as the crystallization -

time was increased from I to 16 h. A significant dispersion of
the dielectric constant was apparent in the vicinity of the 22.0

dielectric constant peak. W
The low-temperature dielectric constant peaks observed

in Figs. 2 and 3 were not consistent with dielectric mixing. 2 ....

* This was evidenced by two observations: (I) the tempera- 0 50 I00 150S

tures of the dielectric constant peaks were relatively inde- TEMPERATURE (K)

pendent of crystallization temperature; and (2) the slopes of

%., the dielectric constant versus temperature on the low-tem- FIG. 2. 100 kHz dielectnc consant vs temperature for glas-ceramuci crys-

perature side of the dielectric constant peak increased with tallzed at 00 *C for 64 h and 900 "C for I h.

* 2070 ,. AO. PhIa.Val. so, No.6. 15 Sewtsvrbe 196 -"..... ..
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TO, .0 ......... of TiO 2 and the development of the large acicular titania
1 O C, I HR, crystals; and (3) the increase of the SrTiO , crystalite size.

-68 The dielectric constant at frequencies of 10, 100, and
Z % 1000 kHz are plotted versus temperature for a glass-ceramic4%

crystallized for 1 h at 1100 *C in Fig. 4. This sample dis-

S66-/*.. played a broad, frequency-dependent, two-humped dielec-
U *. " % tric constant peak over the temperature range 35-55 K. The

exact shape of the dielectric constant peak was dependent on
64- .the measurement frequency; generally, the double-peaked

J 0Knature was more apparent for the higher frequency (1
"" --- 100 Kz -MHz). The temperature of the lower temperature portion of

the double peak was independent of frequency; however, the

higher temperature portion of the double peak shifted to

6- . . . . higher temperatures with increasing frequency. It is likely
I0,t .0 50 100 150 that the double-peaked nature of the dielectric constant ver-

(a) TEMPERATURE (K) sus temperature was due to the presence of two matrix

90. ... phases, hexacelsian and anorthite, in glass-ceramics crystal-

lized for less than 8 h at 1100 'C. A complete explanation as
10006C, 16HRS

S.. 85
Z

-75 I-- .IOOC,IHR
* 0

S -- - 0 KHzq. 10 <zZ 55 -

' 70 --- 100KHz
....IMHz

0 50 100 150
(b) TEMPERATURE (K) 1 -- II ~~_ tI--oox. \ ,

L" 415! .. o-="

FIG. 3. Dielecic constant at 10, 100, and 1000 kHz vs temperature for e
glass-ceramics crystahzed at IO0'C for (a) I and (b) 16 Ih.

20 50 so IIO

.o crystallization temperature (from 800 to 900 and 1000 C). (a) TEMPERATURE (KI
This increase of slope occurred over a range of crystalliza-
tion temperature in which the amount of SrTiO3 was in-
creasing. If dielectric mixing were responsible for the dielec- 58.5

trc constant peaks, the temperatures of the peaks would i oo0c. I MR
* have decreased, and the low-temperature slopes of the peaks [" . ,

would not have increased, as the crystallization temperature Z /ON

(or amount of SrTiO3 ) was increased. These data suggest (A 5.o/
that the SrTiO3 phase in the glass-ceramic was modified, 100 Kz

possibly by an interaction with the matrix, so that the dielec-
tric constant of the SrTiO. peaked with temperature. U

The dielectric behavior of glass-ceramics crystallized at
1100 "C was substantially different from that of glass-ceram- _
ics crystallized at lower temperatures. The dielectric con-
stant versus temperature was very dependent on crystalliza-
tion time with respect to the shape, magnitude, and
temperature of the dielectric constant peaks. The observed 57.050 60
effect of crystallization time on the low-temperature dielec. 0 TU (K)

tric constant behavior of these glass-ceramics can be traced W TEMPERATURE (K)

to the microstructural changes occurring in the glass-ceram- FIG 4. Dielectric constant at 10, 100, and 1000 kHz vs temperature for the

ic: ( I ) the transformation of the major matrix phase from Slass-cerarmc crystallized at I IOoC for I h, over two temperature ranges:

hexacelsian to anorthite SrAI2Si208; (2) the crystallization (a) 20-430 K, and (b) 30-60 K.
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to how the two matrix phases could cause the double peaks of!I MHz, the dielectric constant peaked at a lower tempera-
would require more of an understanding as to the actual ture (85 K), suggesting that the mechanism responsible for
mechanism responsible for the dielectric constant peaks. the low-frequency dielectric constant peaks was not as active

The dielectric constant versus temperature at 10, 100, at higher frequencies.
and 1000 kHz of the glass-ceramic crystallized at 1 100 *C for
16 h appears in Fig. 5. The dielectric constant behavior of C.Deetclo at
this sample was substantially different from those of glass- The effect of crystallization conditions on the low-tern-
ceramics crystallized for shorter times at 1100 *C. The mag- perature dielectric loss is shown by dielectric loss spectra
nitude of the dielectric constant peak was much larger, the (plots of dissipation factor at 10, 100, and 1000 kHz versus
double-peaked nature was not apparent, and the tempera- temperature) of glass-ceramics crystallized at 800'C for 64
ture of the peak was much higher than in glass-ceramics h and 900 *C for I h in Fig. 6. The low-temperature dielectnc
crystallized for shorter times. The frequency dependence of loss levels of the glass-ceramics were larger than those of
the dielectric constant versus temperature of the 16-h sample uncrystallized glass and generaly increased with crystalliza-
suggests at least two mechanismrs responsible for the dielec- tion temperature and time. For uncrystallized glass and
tnic constant peaks. At low frequencies (10-40 kHz), a re- gls-ceramics crystallized below 1000 *C, the dielectric los
laxation mechanism was active resulting in a dispersive di- displayed broad maxima with temperature near 100 K and
electnc; constant peak at about 100 K. The dispersive nature increased with frequency (from 10 to 1000 kHz). This ather-
of the dielectric constant peaks suggests anomalies in the mal increase of loss with frequency was observed at: higher
dielectric loss which will be described later. At a frequency temperatures, as described in Refs. 9 and 11.

210

0.0030

I0 100*C 16HR

40.0025 - -
1901

160....... . c2 0.0020 I .

* .110C0.0015 1~ go.-, IH 10 Hz

170 --- 0K:Zx--

... .. I H z

205 .. . 0.005 F

8 00C 90R 0 KK 0 09000-C I50
(b)~~~~~~~~ TEPRTRM()()TMPRzR K

FIG~ ~ ~ ~~~~~2 K ilcncnrnavnuteunilbten q< nd100
vitmeauefo h 1Mcrmi rsalzdatI10 ( or1\ s a I&6Ds~alf aco t1.10,ad10 ~ i eprtr o
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-, .OD . ... 00S loss peak increased and the peak harpened with increasing0
*10000C. 16 MRS frequency. -

IMHz 0.012 (3) The magnitude of the los increased steadily as the-. M... crystallization time at 1100 "C was increased, corresponding

to the increase in magnitude of the dielectric constant peaks.
100 / a O0In the glass-ceramics crystallized for I and 4 h, a shoul-

• .I. der was apparent on the low-temperature side of the 50-K
loss peak. The shoulders on the loss peaks and the double-

.0.015 0.006 peaked nature of the dielectric constant versus temperature
of these samples may have been related to the existence of
two matrix phases (hexacelsian and anorthite SrAI2Si2 O);

- 0.012 -Mz 0003 this suggests that the lower-temperature loss mechanism
. . . ... was responsible for the dielectric constant peaks in these
100 .." .samples and was the result of some kind of interaction

-0009 .- between the SrTiO3 and the matrix. With increasing fre-
-. ' quency, the low-temperature (50 K) loss peak increased in

' ' ,magnitude. This was consistent with an earlier observation

I 0.00C that the two-peaked nature of the dielectric constant versus
temperature of the shorter crystallization time samples was
more evident at higher frequencies.

50 100 150 The anomalous frequency dependence of the dielectric

TEMPERATURE (K) constant peak of the 16-h sample was caused by the higher-
temperature loss mechanism. The magnitude of the higher

FIG. 7. Dissipation factor at 10. 100, and 100 k~z vs temperature for temperature loss peak increased with decreasing frequency,

* glass-ceramics crystallized at 1000 "C for I and 16 h. consistent with the observation that this mechanism affected
the dielectric constant curve more at low frequencies ( 10-40

-- ,..- kHz). Apparently higher temperature loss mechanism con-
tributed a large dispersion of the dielectric constant and

-. '-, caused the low-frequency dielectric constant to peak at high-

Dielectric loss spectra of glass-ceramics crystallized at er temperatures.

1000 "C for I and 16 h appear in Fig. 7. Dielectric losses of From the above results, it was obvious that an analysis

glass-ceramics crystallized at this temperature also in- of the two dielectric loss mechanisms had to be performed

creased with frequency; however, two frequency-dependent before a complete understanding of the low-temperature di-

loss peaks developed at 50 and 100 K, and were superim- electric properties could be obtained. The frequency and

posed on the athermal loss. The magnitude of the lower tem- temperature dependences of a relaxation-type loss mecha-

perature (50 K) loss peak increased with crystallization nism can be approximated through the use of Debye formal-

time between 1 and 16 h at 1000 C, while the higher tem- ism. The two loss peaks were most apparent in the glass-

a-i perature (100 K) loss peak remained approximately the ceramic crystallized for 16 h at 1100 C. Arrhenius plots

same. The increase of the lower temperature (50 K) loss were constructed from the dielectric loss data in the tem-

peak with crystallization time corresponded to the increased perature ranges of the two mechanisms. These plots are pre-

magnitude of the dielectric constant peak. This suggests that sented, along with the dielectric loss spectra, in Figs. 9 and

" the mechanism responsible for this loss peak was related to 10. Excellent straight line fits to the Arrhenius data were

S.. that of the dielectric constant peak. However, the dielectric obtained. Activation energies were calculated to be 0.054

* constant peak occurred at a temperature of 80 K, closer to and 0.17 eV for the lower (50 K) and higher (100 K) tern-

the range of the higher temperature loss mechanism. perature loss mechanisms, respectively.

The dielectric loss behavior of glass-ceramics crystal-
lized at 1100 'C was dominated by the two loss peaks, first D. Low-frequency masurements

observed in glass-ceramics crystallized at lower tempera- Low-frequency dielectric measurements were per-
0 tures. Dielectric loss spectra of glass-ceramics crystallized at formed on the glass-ceramic sample crystallized for 16 h at

1100 "C for 0.25, 1, 4, and 16 h appear in Fig. 8. The exact 1100 C. Dielectric data in the range of the lower tempera-
nature of the loss peaks could be determined from these data: ture loss mechanism are presented as plots of dissipation

() For both sets of dielectric loss peaks, the loss peak factor and normalized dielectric constant (capacitance nor-

temperature increased with frequency, from about 38 to 52 malized to the value at 200 Hz) versus log frequency at a
K and 85 to 110 K, over the frequency range of 10-1000 temperature of 36 K in Fig. I1. At this temperature, the
kHz; th, type of loss peak behavior is typical of relaxation dissipation factor peaked at a frequency of about 800 Hz.

. mechanisms. The dispersion of the dielectric constant was almost linear
(2) The magnitude of the higher-temperature ( 100 K) over the entire frequency range, with only slight curvature

loss peak decreased and the peak broadened with increasing suggesting an inflection point, as predicted by Debye theory.
frequency; the magnitude of the lower temperature (50 K) The effect of temperature on the frequency of the dissipation

2073 J APPi Phtys., Vol 60. No 6, 15 Soptem'rber 1986 Swartz et al. 2073
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0.00 0.010 M~z
..1 M.z 0.1 1 '

C 0.005- \IO0Kz .........
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0 .00

0.06 .*, ..

00.00
20 50 so 110()TEMPERATURE (K) (C) TEMPERATURE (K)

0.04 .....

0.007 - 1100-C, IHMR I 1OOCI 16 MRS Kz

0.03-

lop .. M .z

% 0.02 7.. I .

0.0 

10 KZ
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'0p0

FIG. A. Dissipation factor at 10. 100. and 1000 kLHz vs temperature for glass-ceramics crystallized at 1100 *C for (a) 0.25, (b) 1. (c) 4. and (d) 16 b.

0.04....................

0.03--12

tj 00.17 iv

00.02- -14-

0.0 1-3
s0 90 100 110 120 130 0.8 Q9 3.0 .

STEMPERATURE (K) (b) 100/ T (K"'

FIG. 9. (a) Dielectric loaw spectra corresponding to the lower temperature loas mechanism, and (b) corresponding Arrheniua plot, for the glass-ceranut:
crystallized at I 100'C for 16 h.
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I 100-C 16RSto

0.020

I0.9

0.015.

0.0010

a) EMERAUR 10 to,

0.00 .. ....
30 40.0406/

-10-

-12 0.035

0- 0.054e*V

0.030 j 1
lot too 104

-14- FREQUENCY (Ma)

FIG. 11. Capaciace normalized to 200 Hz andf dissipation factor vs fre.
quency at82 K. for the gisa-cermic cystalized at I100C for 16 h.

-16i .8 2.0 2.2 2.4 P-6

(b) 100/ T (0) peratures of 78, 80, 82, and 84 K. Dielectric loss peaks with
frequency were observed at each of these temperatures, and

FIG. 10. (a) Diectric loss spectra corresponding to the higher tempera- the frequency of the loss peak increased with temperature, as
ture loss mechanism and (b) corresponding Arthenius plot, for the gla5- expected.
ceramic crystallized at 1100 C for 16 h.

0.050

factor peak is shown in Fig. 12, in which the dissipation I 100 c' 16 Hon
factor is plotted versus log frequency at temperatures 33, 36,

* ~~and 39 K. At temperatures of 33 and 39 K, the loss pas 005 *.~d ~
occurred at the lower and higher extremes of the frequency * .% * %%
range. The lower temperature loss mechanism thus resulted 0.040 a( %

in dissipation factor peaks over a relatively small tempera- fe a %
ture range. dilcti % .

- ~Low-freqnuency ileti data in the range of the high- 0.3
* er-ternperature loss mechanism are presented as plots of nor-

malized dielectric constant and dissipation factor versus log 76K*to R
frequency at a temperature of 82 K in Fig. 13. At this tern- 0.030- 02- ~

P.perature, the dissipation factor peaked at a frequency of - 64 K
about 900 Hz, and the dispersion of the dielectric constant
was larger than that of the lower temperature mechanism 0.025

*and displayed curvature suggestive of an inflection point 10' 0s 10'
near the frequency of the loss maximum. The effect of tern- FREQUENCY (Hz)
perature on the frequency of the dissipation factor peaks of

.e. the higher temperature loss mechanism is shown in Fig. 14; FIG. 12. Dissipation factor vs frequency at various temperatures between
the dissipation factor is plotted versus log frequency at tern- 78 and 84 K, for the glass-ceramic crystallized atl 1100 *C for 16 h.
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E C

Q94 f' lo.10 190 200 210 220 230 240lOS IO4REAL PART (KW)

........ ............... 4451

0.030

i .029 FIG. IS. Cole-Cole plot constructed from the 82 K dielectric data of the
ei gla-ceamic crystallized at 1100 C for 16 h.

".

. 0028

0.02? -d dispersion described above could be obtained. The Cole-
l0g IO 10, Cole analysis was performed with the HP-9816 computer

FREQUENCY (Hz) system by fitting K vs K 'data to a circle with a least-squares
technique; the intercepts (K, and K. ) and the tilt param-

FIG. 13. Capacitance normalized to 200 Hz and dissipation factor vs fre- eter (a) were then calculated. This computerized analysis
quency at 36 K. for the glass-ceramic crystallized at I 100 "C for Io h. also allowed for the calculation of the frequency of maxi-

mum loss (for Arrhenius plots) and the maximum values of
dielectric loss (for normalized dielectric loss plots).

A Cole-Cole plot, corresponding to dielectric data tak-

The Cole-Cole method of analysis was applied to the en at 82 K. relevant to the higher-temperature loss mecha-

low-frequency data, relevant to the higher-temperature loss nism, is presented in Fig. 15; the line between the K. inter-

mechanism, so that a better understanding of the observed cpt and the origin of the circle is shown, defining the tilt
-- shapes of the dielctric loss peaks and dielctric onstant angle. An excellent fit of the Cole-Cole arc to the dielectric

data was obtained. The effect of temperature on the relaxa-

tion process was determined by performing the Cole-Cole
analysis on the dielectric data taken at temperatures of 75,
78, 80, 82, and 84 K. Information obtained from the Cole-

0.032 Cole analyses is summarized in Table I.

311 0-oC, I6HRS The value of K_ (the value of the dielectric constant
33 K without the contribution of the loss mechanism) decreased

0.030 with increasing temperature over the range of 75-84 K, even
though the measured dielectric constant increased with tern-

l'..'N. perature. This can be explained by the shift in the loci of the

r"36 " ./ 6 *. data points along the Cole-Cole arc as the temperature was

c 0.026/

0026 39K TABLE I. Dielectric quantities derived from Cole-Cole plots constructed

"- from low-frequency dielectric data.

0024 ............ T(K) K. K. AK a
75 237.56 1%.26 41.30 0.423

FREQUENCY (94a) 7 236.30 195.60 41.20 0.420

s0 236.62 194.82 41.80 0.431
82 236.23 192.81 42.44 0.445

FIG. 14. Dtoupabo fawa vsf 'quncya, at tempatures o(33. 36. and 39 64 235.54 192.63 42.91 0.459
,,fr the glsmo,,rln crywsallized at 1100'X or 16 tL

,,%,M 1e W. L. ol . 0. o. 4. 1 S ~rAW 19N
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. taen between 75 and 84 &, for the S~ls~ermi crystalized at I oo0"C for 0

0.26-4

0 
g5, 

0

-.V • 1 0 7 1 0 1 0'0

, -'increased. This is shown in Fig. 16 for a series of Cole-Cole A ox 0
202 2 2.O - * 4 K

arcs constructed from dielectric data taken at the five t0.8m- 
0

% .,peratures. At a temperature of 75 K, the dispersion corre-
sponding to this loss mechanism occurred on the high-fre- 0,....
quency portion of the arc. As the temperature was increased, 10- Ioo Io log

i1'~ .', the dispersion shifted to lower frequencies, thus increasing (b )Wm
the contribution of the loss mechanism to the measured di-
electric constant. The increased temperature range of the F10 17. Normalized plots ad (a) permittvity ad (b) o. vs frequency,
dielectric constant peak in the 16-h sample was thus caused with data taken at 75, 80, and 14 K. for the gmalo4mrrmic crysmtlized at

by the higher temperature (100 K) loss mechanism. With- 1100 *C for 16 h.

out the contribution of this mechanism, the dielectric con-
stant would have peaked at a lower temperature, consistent

% with the glass-ceramics crystallized for shorter times at
'U, 1100 "C. quency data, Arrhenius plots were generated from the fre-

The dielectric constant and loss versus frequency were quency dependence of the dielectric loss peak temperature;

* normalized using computer-calculated quantities so that the conversely, for the low-frequency data, Arrhenius plots were

dielectric data taken at different temperatures could be com- generated from the temperature dependence of the dielectric

pared, and the dielectric properties in the range of this loss loss peak frequency. The comparison of these two Arrhenius

mechnanism could be studied over an extra decade in fre- plots appears in Fig. 18. The activation energy calculated

quency. Normalized permittivity and loss are plotted against from the low-frequency data was 0. 13 eV, in suitable agree-

the log of the normalized frequency in Fig. 17, comparing ment with the value of 0.17 eV, calculated from the higher

dielectric data taken at temperatures of 75, 80, and 84 K. The frequency data.

* normalized dielectric data at these three temperatures coin-
e:. cided and defined curves with the expected shape for a De- E. Electric fold dependence

bye-like relaxation process. The inflection point which was Clues to the nature of the higher-temperature (100 K)
U obvious in the 82 K data presented earlier was more clearly dielectric loss mechansim were obtained by a measurement
-.. defined by this dielectric constant dispersion curve. of the electric field dependence of the dielectric constant and

* For the higher temperature loss mechanism, a compari- loss. These measurements were performed on a glass-ceram-
son could be made between Arrhenius plots constructed ic sample crystallized for 32 h at 1100 *C. The measurement
from two types of measurements, constant frequency ( 10- system included a GR-1615A capacitance bridge with ap-
1000 kHz) with varying temperature, and variable frequen- propriate protection circuitry to allow from applied voltages
cy (0. 1-10 kHz) at constant temperature. For the high-fre- of up to 5000 V. The dielectric measurements to be reported

10 2077 J. Apl. Phys.. Vol. 60, No. 6, 15September 1986 Swartz eta 2077

-:,c~. n~ %



,,,-6 , , *o

6-250 

,. . . . .
1I00C, 1 MHRS

LOW FREQUENCY 12

8 DATA Q26H
1001~ 20 \ A 100 KMI

0,-10

l 0.8 I L

CU

-12HIGH FREQUENCY too

DATA (0' MTev)0

0 10 20 30*

-16 0.05 ....*L ID L2 1.4
/ 100/T (K-') 0.04

FIG. IS. Comparison of Arrhenius plots constructed from low (0.1-10 .

kHz) and high ( 10-1000 kHz) frequecy data ofthe glas-ceramic crystal- '.0o03
lized at IlIOOV for 16hI. 0

;A-
here were made at a temperature of 77 K; the sample was a 0.01

immersed in liquid nitrogen to prevent temperature fluctu- 0
ations. Two measurement frequencies were utilized: ( 1) 126 0 10 20 30
Hz, the frequency of the dielectric loss maximum at 77 K; ELECTRIC FIELD STRENGTH 1KV/cm)
and (2) 100 kHz, the highest frequency available with the
capacitance bridge used. The dielectric constant and dissipa-
tion factor were measured with applied voltages correspond- FIG. 19. Dielectric constant and dissipation factor, at 77 K and frequencies

ing to electric fields from 0 to 30 kV/cm with increments of 5 of 126 Hz and 100 kHz. vs applied electric field, for the glass-ceraric crys-

kV/cm. tallized at 1100 "C for 32 h.
Data are presented as plots of dielectric constant and

dissipation factor at frequencies of 126 Hz and 100 kHz ver-
sus applied electric field in Fig. 19. With no applied field, the
dielectric constant and loss were significantly larger at the strength of about 41, calculated for the higher-temperature
lower frequency (126 Hz). This disperison was due to the loss mechanism.
contribution of the higher temperature loss mechansim
which was a maximum at 126 Hz. As the applied electric F. Dlscuaaon
field was increased, the dielectric constant decreased sub- In this section, the results of low-temperature dielectric
stantially at both frequencies, but with an applied field of 10 measurements have been presented. These measurements
kV/cm, most of the dispersion in the dielectric constant had have created as many questions as they were intended to
been removed. With further increase of field, the dielectric answer:
constant decayed at the same rate for the two frequencies. A (1) Except for very low loadings of SrTiO3, the peaks in
corresponding decrease in dielectric loss to much lower lev- the dielectric constant versus temperature observed in these
els with applied electric field was also observed. glass-ceramics could not be attributed to dielectric mixing.

From the above data, it was clear that two mechanisms Some sort of interaction of SrTiO 3 with the matrix was re-
were active in this frequency range and temperature, this sponsible for the dielectric constant peaks.

was also implied from dielectric measurements presented (2) If an interaction was responsible for the dielectric
* earlier. The nature of these two mechanisms can be deduced constant peaks, the nature of this interaction was very sensi-

from their electric field dependences. The higher tempera- tive to crystallization conditions. For instance, the magni-
ture loss mechansim. which dominated the dielectric loss tude of dielectric constant peaks of glass-ceramics crystal-
behavior and determined the shape of the dielectric constant lized at 1000 "C increased with crystallization time, without
peaks in this sample, decayed very rapidly with applied elec- an increased contribution to dielectric loss peaks. Converse-
tric field. The second mechanism, which was apparently re- ly, in glass-ceramics crystallized at 1100 "C, the magnitude
sponsible for the large magnitude of the dielectric constant, of the dielectric constant peaks increased with crystalliza-
decayed more gradually with electric field. Further evidence tion time, but with a substantial increase of dielectric loss.
for the existence of two mechanisms arises from the fact that (3) Two low-temperature loss mechanisms were identi-
with an applied field of 30 kV/cm, the decrease in dielectric fled in glass-ceramics crystallized at 1100 "C, resulting in
constant from 211 to 68 was much larger than the relaxation frequency-dependent dielectric loss peaks at temperature
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ranges near 50 and 100 K. Another mechanism was active in ferroelectricity in the SrTiO3 phase was dependent on the
0 glass-ceramics crystallized for the longer times at 1100 *C, SrTiO3 crystallite size.

giving rise to a large contribution to the dielectric constant. For the case of glass-ceramics crystallized a 1100 "C,
As described earlier, low-temperature peaks in the di- the situation was complicated by microstructura changes

electrc constant and loss have been observed in similar occurring with crystallization time, as discussed earlier, If
SrTiO. glass-ceramics by Lawless' and Siegwarth.' It was the SrTiO3 phase in the glass-ceramic was indeed ferroelec-
suggested by Siegwarth' that the observed dielectric behav- tric, the increase in magnitude and temperature of the dielec-
ior was caused by the relaxation of permanent dipoles, which tric constant peaks with crystallization time at 1100 "C may

4 were present due to electret (defect-dipole) states. He based be explained by changes in the interactions of SrTiO3 with
his conclusion by analogy with similar low-temperature re- the matrix caused by the micro~iructural changes. The de-
laxation-type dielectric constant and loss peaks observed in velopment of the acicular titania crystals could have

". SrTiO3 based ceramics, containing large proportions of va- changed the mechanical properties of the matrix, and altered
nadium, niobium, or antimony. 12  the interaction. Also, the increase of SrTiO, crystallite size

Siegwarth' proposed that gross defects (or impurities) may have allowed for the possibility of domain wall motion.
were incorporated into the SrTiO 3, suggesting that interac- The higher-temperature (100 K) loss mechanism can
tions of SrTiO3 crystallites with the matrix would not have be attributed to ferroic domain effects within the SrTiO3
affected the dielectric properties. In the present study, it does crystallites. The activation energy and frequency depen-
not seem conceivable that enough defects were incorporated dence (a decrease of the loss peak magnitude with increasing
into the SrTiO, crystallites to cause such relaxation behav- frequency) were consistent with domain wall motion. The
ior. In addition, results of this investigation indicated that temperature range of this loss mechanism also occurred sus-
interactions of the SrTiO3 with the matrix were important to piciously close to that of the 110 K transition of SrTiO. The
the dielectric behavior. The double-humped dielectric con- increase of this loss mechanism with crystallization time at
stant peaks and shoulders on loss peaks observed in glass- 1100 "C was consistent with the increased domain wall mo-

- ceramics crystallized for the shorter times at 1100 "C were tion possible with the increased SrTiO3 crystallite size. The
* attributed to the presence of two SrAI2Si2 O5 matrix phases fact that this loss mechanism did not increase with crystalli-

(hexacelsian and anorthite). The magnitude of the decrease zation time at 1000 'C suggested a lack of domain wall mo-
of the dielectric constant observed with electric field at 77 K tion in the extremely small SrTiO3 crystallites of glass-ce-

(in the range of the dielectric loss mechanism), in the glass- ramics crystallized at this temperature.
ceramic crystallized for 32 h at I 100 "C, also rules out a dipo- The lower-temperature (50 K) loss mechanism was dir-
lar mechanism. For these reasons, yet another explanation eclty related to the dielectric constant peaks, and was re-
to the observed dielectric properties of the SrTiO 3 glass-ce- sponsible for the increase in magnitude of the dielectric con-

. ramic is required. stant peaks with crystallization time in glass-ceramics

An explanation that would be consistent with the low- crystallized at 1000 'C. This mechanism was the result of

temperature dielectric behavior is the possibility that the some kind of interaction of SrTiO 3 with the matrix, as evi-
4/,,.. SrTiO3 was modified by the matrix so that some sort of fer- denced by double-humped dielectric constant peaks and

roic phenomenon was induced within the SrTiO 3 crystal- shoulders on the loss peaks in glass-ceramics with the two

lites. Single-crystal SrTiO 3 undergoes a ferroelastic transi- matrix phases (hexacelsian and anorthite). However, the
tion from cubic to tetragonal at 110 K, as demonstrated by frequency dependence (an increase of loss peak magnitude

-. several workers.' 3." As the glass-ceramic was cooled with frequency) was not consistent with ferroic domains.
through the 110 K transition, the deformation of the tiny The nature of the actual mechanism responsible for the di-

% SrTiO3 crystallites may have been suppressed by the matrix, electric loss peaks is difficult to speculate upon without
causing stresses in addition to those present from differing further experimentation.

* thermal expansion. The resulting complex stress states exist- From the above discussion, the difficulty in assigning
ing in the SrTiO3 crystallites may have affected the compli- mechanisms to the observed features in the low-temperature
cated energy balances between paraelectric, ferroelastic, and dielectric properties is apparent. Ferroelectricity is only one

* ferroelectric states. possible explanation for the low-temperature dielectric con-
*.' It is appealing to consider the possibility that ferroelec- stant and loss peaks. Other types of ferroic phenomena and

tricity was induced within the SrTiO 3 crystallites in the domain structures may have been responsible, although
* glass-ceramics. Induced ferroelectricity has been demon- more definitive experiments are required before mechanisms

strated in both SrTiO 3 (Ref. 15) and KTaO3 (Ref. 16) at can be assigned to the observed dielectric behavior with ab-
low temperatures by the application of uniaxial pressure. If solute certainty.
one accepts the premise that ferroelectricity of the SrTiO3

,-... -was responsible for the observed dielectric behavior, some of
the anomalous low-temperature properties of the glass-ce- ACKNOWLEDGMENTS
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